





8 I / 
c- ' 4  RE-ORDER NO. __-> 5- 
Q u a r t e r l y  P r o g r e s s  Report  - 13 May t o  1 3  August 1965 
H I G H  -PERFORMANCE THERMIONIC CONVERTER 
Prepa red  f o r  : 
J e t  P r o p u l s i o n  Labora tory  
C a l i f o r n i a  I n s t i t u t e  of Technology 
4800 Oak Grove Dr ive  
Pasadena C a l i f o r n i a  
A t t e n t i o n :  Mr. J a c k  L.  F l a t l e y ,  C o n t r a c t  N e g o t i a t o r  
C o n t r a c t  951225 /1' 4 p . s  7-/m 
EOS Repor t  6 9 5 2 3 - 1  23 August 1965 
P repa red  by: 
A .  E .  C a r n p b e l y ?  
D .  H .  P o l l o c k  
App oved / r7 
/A A .  0 .  J e n s e n ,  Manager 
I SPECIAL TUBE DEPARTMENT 
Approved 
~ e o r &  R. White, Mamger  
OPTICAL -ELECTRONICS I) IVIS ION 
ELECTRO -OPTICAL SYSTEMS INC . - PASADENA, CALIFORNIA 
A S u b s i d i a r y  of Xerox C o r p o r a t i o n  
I . '. 
. 
CONTENTS 
1 .  INTRODUCTION 
1.1 Program G o a l s  
1.2 Sumnary of Work Performed 
1 . 2 . 1  V a r i a b l e  Parameter  T e s t  Veh ic l e  
1 . 2 . 2  Conver te r  S t u d i e s  
1 . 3  Summary of S i g n i f i c a n t  R e s u l t s  and Conclus ions  
1 . 3 . 1  R a d i a t o r  Heat % e j e c t i o n  S t u d i e s  
1 . 3 . 2  C o l l e c t o r  Heat  T r a n s f e r  
1 . 3 . 3  High Temperature  Braz ing  
2 .  ELECTRODE MATERIALS EVALUATION 
2 . 1  V a r i a b l e  Parameter  Test  Vehicle 
2 . 1 . 1  Veh ic l e  Design 
2.1.2 Veh ic l e  F a b r i c a t i o n  
2 .1 .3  Pa rame t r i c  Measurements 
2 . 2  M a t e r i a l s  P r o c e s s  Study 
2 . 2 . 1  Ana lys i s  of Stock 
2.2.2 Sample P r e p a r a t i o n  
2 . 2 . 3  Vacuum Outgass ing  Schedules  f o r  Tantalum 
2 . 2 . 4  Sur face  S t a b i l i t y  Examinat ion 
3 .  COLLECTOR STUDY AND SECONDARY EXPERIMENTS 
3.1 C o l l e c t o r  Heat T r a n s f e r  S tudy  
3.1.1 Thermal Design Curves f o r  Non-Composite 
3 . 1 . 2  Composite C o l l e c t o r  Thermal Experiment and 
C o l 1 ~ c  t nr 
Meta l log raph ic  Analyses 
3 . 2  R a d i a t o r  Heat R e j e c t i o n  
3 . 2 . 1  Rokide "C" I n v e s t i g a t i o n  
3 .2 .2  Rad ia to r  F i n  Analys is  
3 . 2 . 3  Non-In tegra l  Col lec tor -Radiabor  
1-1 
1-1 
1 - 2  
1 -2  
1-2  
1 -4  
1-4  






















3.3 Converter Fabrication Investigation 
3.3.1 High-Temperature Brazing 
3.3.2 Heater-Wire End Seals 
3.3.3 Converter Seal-Off 
3.3.4 Ceramic-Metal Seals 
3.3.5 Interelectrode Spacing 
4. CONVERTER DESIGN 
5. PROGRAM FOR NEXT QUAIlTER 
5.1 Variable Parameter Test Vehicle 
5.2 Emitter Materials Process Study 
5.3 Non-Integral Collector Radiator 
5.4 Composite and Non-Composite Collector Experiments 
5.5 Converter Fabrication Investigations 
5.6 Converter Design 
REFERENCES 
















6952-Q- 1 ii 
, 
ILLUSTRATIONS 










2 - 1 1  
2- 1 2  
V a r i a b l e  Parameter Test  Vehicle  
Se tup  f o r  C o l l e c t o r  Heat T rans fe r  Experiment 
I d e a l i z e d  C o l l e c t o r - R a d i a t o r  System 
C o l l e c t o r  S u r f a c e  Temperature as a Func t ion  of 
C o l l e c t o r  Cur ren t  Densi ty  (Ca lcu la t ed )  
C o l l e c t o r  I so the rm D i s t r i b u t i o n  
Guard Ring I so the rm D i s t r i b u t i o n  
I n t e r e l e c t r o d e  P o t e n t i a l  D i s t r i b u t i o n s  
Drive Mechanism Layout 
Support  S t r u c t u r e  Layout 
Emission Veh ic l e  Layout 
Emission Veh ic l e  Test Schematic 
Constant  Current-Voltage Sweep Load 
2-13a Tantalum P r o c e s s  Sample Vacuum-Fired a t  210OOC for 
2 Hours i n  a Vac-Ion Pumped Atmosphere of  1 x 10- 
2-13b Same Sample a f t e r  Opera t ion  a t  1735OC f o r  100 Hours 
a t  5 x 10-8 t o r r  
2-14a Tantalum P r o c e s s  Sample Vacuum-Fired a t  2250OC f o r  
2 Hours i n  a Vac-Ion Pumped Environment of 4 x 10-7 t o r r  
2-L4b Same Sample a f t e r  Opera t ion  a t  1735012 f o r  100 Hours 
i n  a Vac-Ion Pumped Environment of  5 x 10-8 t o r r  
3 -1  Thermal Design Curves f o r  Noncomposite C o l l e c t o r  
3-2 Composite C o l l e c t o r ,  Molybdenum and Copper 
3-3a Micrograph of  Molybdenum-Copper I n t e r f a c e  
3 - 3 b  Micrograph of Molybdenum-Copper I n t e r f a c e  Nearest 
3-4 
t o r r  
C o l l e c t o r  S u r f a c e  
Thermocouple Loca t ions  and Sample Dimensions of 
Molybdenum-Rokide "C" Experiment 
of Opera t ion  
3-5 Rokide It"-Coated Molybdenum Sample a f t e r  500 Hours 













































3 -8  
3-9 









ILLUSTRATIONS (con t d) 
Cooldown Curves o f  Rokide "C"-Coated Molybdenum 
Sample 3-13  
Cooldown Curves of Rokide-Coated Copper Sample 3-17  
Elemental Forms of Converter Radiators 3-  19 
Model for Constant-Temperature-Gradient Fin 
Analysis 3-20  
Nonintegral Collector-Radiator Assembly 3-26 
Vanadium Overbraze at 215OOC of Rhenium to Niobium 3-29 
Detail of Overbrazed Vanadium-Rhenium Interface 3-30 
Vanadium Braze at 19OOOC of Rhenium to Niobium 3-31  
End Connection for Sheathed Heater Wire 3-33 
Marginal Pinchof f of Copper Tubing Reservoir 
Satisfactory Pinchoff of Copper Tubing Sample 
3-34  
3-36 
Thermal Environment Oven for Ceramic-Metal Seal 
Test ing 3-3 7 
Setup for Measuring Interelectrode Spacings in a 
Mockup Converter 3-39 
6952-Q-1 iv 
* '  
I 
1. INTRODUCTION 
Th i s  i s  t h e  f i r s t  q u a r t e r l y  r e p o r t  uf p r o g r e s s  on J . P . L .  C o n t r a c t  
951225,  a program t o  (1) i n v e s t i g a t e  b a s i c  mater ia ls ,  p r o c e s s e s ,  and 
o p e r a t i n g  pa rame te r s  a f f e c t i n g  the s t a b i l i t y  and o p t i m i z a t i o n  of  cesium 
vapor  the rmion ic  c o n v e r t e r s ,  and ( 2 )  t o  a p p l y  t h e  r e s u l t s  of  t h e s e  
i n v e s t i g a t i o n s  t o  t h e  f a b r i c a t i o n  of p r a c t i c a l ,  h i g h  p ~ r f o r m r t r ~ e ,  h i g h  
ef f i c  Fpncy, long l i f e  cesium vapor the rmion ic  c o n v e r t e r s .  
1.1 Program Goa l s  
The programgoala  are: (1) to g e n e r a t e  fundamental  d a t a  on 
t h e  v n r i o u s  o p e r a t i o n a l  parameters  such as i n t e r e l e c t r o d e  s p a c i n g ,  
Langmuir-Taylor t y p e  c e s i a t e d  e l e c t r o n  e m i s s i o n  and work f u n c t i o n  of 
v a r i o u s  e l e c t r o d e  m a t e r i a l s ,  and t o  e s t a b l i s h  optimum e l c c t r o d e  materials 
process ing ,  a l l  t o  be  a p p l i c a b l e  t o  p r a c t i c a l  cesium vapor  t h e m i i o n i c  
c o n v e r t e r s ,  ( 2 )  Conduct a u x i l i a r y  experiment@ p e r t i n e n t  t o  t h e  e n g i n e e r i : ~ ~ .  e, 
d e s i g n  and c o n v e r t e r  f a b r i c a t i o n  i n  a manner gLich that  t h e  r e s u l t s  are 
a p p l i c a b l e  t o  p r a c t i c a l ,  h igh  e f f i c i e n c y ,  long l i f e  cesium vapor  
t h e m i o n i c  c ,'.gerters, and ( 3 )  design, f a b r i c a t e ,  and t e s t  a maximm 
of s i x  cesium vapor the rmion ic  c o n v e r t e r s  u t i l i z i n g  t h e  r e s u l t s  o f  t h e  
a u x i l i a r y  expe r imen t s ,  l e a d i n g  t o  a performance of 20 vatts/cm2 a t  
0,8 v o l t s  o u t p u t  and an e f f i c i e n c y  exceeding 14$ f o r  an e m i t t e r  tempera-  
t u r e  of  1735OC. 
I 
Adequate a t t e n t i o n  will be  accorded t h e  c o l l e c t o r  arid t a d i n t o r  
2 heat t r a n s f e r  prnb1m.s so t h a t  a p r a c t i c a l  cocve r t e r  w i t h  a 2 cs: e m i t t e r  
hav ing  an output  of 40 w a t t s  a t  0.8 v o l t s  can  be f a b r i c a t e d  w i t h  a 
minimum r a d i a t o r  w e i g h t .  
w i t h  t h e  achievement of a f o u r - c o n v e r t e r  g e n e r a t o r  welghitig l e s s  rtiail 
The weight o f  t h e  c o n v e r t e r s  m u s t  be cor~s is teut  
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f o u r  pounds. The r a d i a t o r  area of  the c o n v e r t e r s  m u s t  be  such t h a t  
no a d d i t i o n a l  c o o l i n g  ( s u c h  as e x c e s s i v e  the rma l  conduct  i o n  down t h e  
c o l l e c t o r  l e a d  s t r a p s )  is  n e c e s s a r y  for o p e r a t i o n  of  t h e  c o n v e r t e r  
at i t s  d e s i g n  c o n d i t i o n s .  
1 . 2  Summary of Work Performed 
1.2.1 V a r i a b l e  Parameter  Test Veh ic l e  
1.2.1.1 Design 
The d e s i g n  of t h e  v a r i a b l e  pa rame te r  tes t  
v e h i c l e  h a s  been completed and approved by J . P . L .  
1 .2 .1 .2  F a b r i c a t  ion 
The f a b r i c a t i o n  of t h e  v a r i a b l e  pa rame te r  
t e s t  v e h i c l e  h a s  been i n i t i a t e d .  
1.2.1.3 E l e c t r o d e  Materials P r o c e s s i n g  S t u d 2  
The e s t a b l i s h m e n t  of p r o c e s s i n g  s c h e d u l e s  
f o r  t h e  e l e c t r o d e  materials t o  be used i n  t h e  v a r i a b l e  pa rame te r  
emis s ion  t e s t  v e h i c l e  h a s  been approx ima te ly  one h a l f  completed.  The 
p r o c e s s i n g  s c h e d u l e  f o r  t a n t a l u m  b a r  s t o c k  has been examined and tha t  
f o r  rhenium p l a t e  s t o c k  i s  i n  p rocess .  
1.2.2 Conver t e r  S t u d i e s  
1.2.2.1 A u x i l i a r y  Experiments 
1.2.2.1.1 C o l l e c t o r  Heat T r a n s f e r  
Heat t r a n s f e r  expe r imen t s  and 
m e c a i i u r g i c a i  examina t ions  nave Deen made on a moiybdenum C O l l e C t O r  
w i t h  s o l i d  coppe r  i n s e r t s  and on a s t epped  molybdenum c o l l e c t  in p u r s u i t  
of r educ ing  by c o n v e n t i o n a l  methods t h e  the rmion ic  c m v e r t e r  c o l l e c t o r  
b a r r e l  t e m p e r a t u r e  d rop  a t  h igh  h e a t  l o a d  (150-200 watts/cm ) ,  
a n a l y s i s  o f  c o l l e c t o r  AT as a f u n c t i o n  of t h e  the rma l  power d e n s i t y ,  
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1.2.2.1.2 R a d i a t o r  - Heat R e j e c t i o n  S t u d i e s  
Long term expe r imen t s  pe r t a in ing .  t o  
t h e  e f f e c t i v e  e m i s s i v i t y  and s t a b i l i t y  of  Kokide C c o a t i n g s  on molybdcnilrn 
and copper  r a d i a t o r s  o p e r a t i n g  a t  600'C have  been comple ted .  
A f i r s t  o r d e r  op t imized  r a d i a t o r  
f i n  a n a l y s i s  h a s  been completed f o r  t h e  f l a t  f i n  r a d i a t o r .  
Braz ing ,  and  i n i t i a l  h e a t  t r a n s f e r  
expe r imen t s  have been completed on a molybdenum c o l l e c t o r  - -  f l a t  copper  
r a d i a t o r  composi te .  
1.2.2,1.3 Ceramic t o  I ---Metal S e a l  S tud= 
Materials have  been o b t a i n e d  f o r  
meta l  t o  ceramic seal s t u d i e s  involv ing  t h i c k  niobium i.020" t o  .040")  
f l a n g e s .  The t e s t  a p p a r a t u s ,  i nc lud ing  a r a p i d  r e sponse  vacuum oven 
and the rma l  c y c l i n g  c o n t r o l ,  f o r  t h e  e v a l u a t i o n  o f  t h i c k  metal  n1emher 
seal a s s e m b l i e s  iinc \r t he rma l  shock c o n d i t i o n s  h a s  been comple ted .  
s t u d i e s  a re  be ing  p \sued i n  a n  e f f o r t  t o  a r r i v e  a t  more compact conv t l r t e r  
d e s i g n s  . 
These  
I 
1.2.2.1.4 Conver t e r  Sea l -Off  S t u d i e s  
-__I__-- -I.-. 
Comparison o f  v a r i o u s  copper  
t u b u l a t i o n  p inch  o f f  t o o l s  h a s  been comple ted .  
1.2.2.1.5 Heater Wire End S e a l  
A s imple  d i r e c t  method h a s  been 
developed  f o r  t h e  a t t achmen t  o f  rugged, t h e r m a l l y  e f f i c i e n t ,  end sea ls  t o  
c l a d  b e a t c r s  of  t h e  Ta-A? 0 -Ta t y p e .  These  h e a t e r s  a re  ::sed on t h e  
c o n v e r t e r  ces ium r e s e r v o i r  and r a d i a t o r  f o r  p a r a m e t r i c  o p t i m i z a t i o n  
2 3  
1.2.2.1.6 I n t e r e  l e c t r o d e  Spac i n g  S t u d i e s  
The d e s i g n  of t h e  exper iment  f o r  
--.- 
t h e  d i r e c t  o b s e r v a t i o n  and measurement of  i n t e r e l e c t r o d e  s p a c i n g  v a r i a -  
t i.on as a f u n c t i o n  of e m i t t e r  and c o l l e c t o r  t e m p e r a t u r e  h a s  been comple ted .  
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1.2.2.1.7 E l e c t r o n  Beam Welding 
Experiments  t o  e s t a b l i s h  a r e l i a b l e  
e l e c t r o n  beam welding s c h e d u l e  f o r  rhenium t o  rhenium j o i n t s  have  been 
completed.  The m e t a l l u r g i c a l  examinat ion of t h e  p r o c e s s  samples  is in 
p r o g r e s s .  
1.2.2.1.8 High Temperature Braz ing  
P r e l i m i n a r y  s t u d i e s  of rhenium 
t o  niobium b r a z e  j o i n t s  u t i l i z i n g  a vanadium b r a z e  shim have been 
completed.  
1.3 Summary of  S i g n i f i c a n t  R e s u l t s  and Conc lus ions  
1 .3 .1  R a d i a t o r  Heat R e j e c t i o n  S t u d i e s  
1.3.1.1 Rokide Coat ing S t a b i l i t y  
Rokide 'IC" c o a t i n g s  of  nomina l ly  .002" t h i c k -  
n e s s  on molybdenum and copper  have been found t o  b e  a b s o l u t e l y  s t a b l e  
a t  600°C f o r  t imes i n  e x c e s s  o f  500 h o u r s .  The e f f e c t i v e  v a l u e  of the  
e m i s s i v i t y  has been determined t o  be  0.78 i n  comparison t o  handbook 
v a l u e s  of 0.85 t o  0.9. The e f f e c t i v e  e m i s s i v i t y  o f  t h e s e  c o a t i n g s  a t  
600°C does not  change f o r  c o a t i n g  t h i c k n e s s  between .002" and .006". 
No p e e l i n g ,  ch ipp ing ,  d e g r a d a t i o n  or e v a p o r a t i o n  o f  t h e s e  c o a t i n g s  
was obse rved  ove r  t h e  500 h o u r  t es t .  The r e s u l t s  a p p l y  t o  b o t h  t h e  
molybdenum and copper  s u b s t r a t e s  a t  a t e m p e r a t u r e  of  600°C i n  a LO nun 
Hg ion-pumped environment .  
- 7  
1.3.1.2 Composite R a d i a t o r - C o l l e c t o r  
A copper  radiator-molybdenum c o l l e c t o r  
composi te  h a s  been f a b r i c a t e d  and t e s t e d  i n  a p r e l i m i n a r y  f a s h i o n .  
The i n i t i a l  t es t s  a r e  i n d i c a t i n g  t h a t  t h i s  scheme i s  a f a c t o r  of 2 
b e t t e r  than molybdenum on a h e a t  r e j e c t i o n  p e r  u n i t  we igh t  b a s i s .  
The c a n p o e i t e .  r a d i a t o r - c o l l e c t o r  r e t a i n s  t h e  mechan ica l  s t r e n g t h  f e a -  
t u r e s  of t h e  i n t e g r a l  molybdenum c o l l e c t o r - r a d i a t o r  f o r  g e n e r a t o r  
mounting p u r p o s e s .  
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1 .3 .2  C o l l e c t o r  Heat I T r a n s f e r  
A molybdenum c o l l e c t o r  w i t h  ’copper i n s e r t s  h a s  bt’p,n 
s u c c e s s f u l l y  f a b r i c a t e d  and t e s t e d  under the rma l  c y c l i n g  c o n d i t i o n s .  
T h i s  composite is  c a l c u l a t e d  t o  improve t h e  e f f e c t i v e  t h e r m a l  c o n -  
d u c t i v i t y  of t h e  molybdenum c o l l e c t o r  b a r r e l  by 30 p e r c e n t .  
1.3 3 High Temperature B r a z i n g  
Rhenium-niobium b r a z e  j o i n t s  u t i l i z i n g  vaiiadiiim a5 
t h e  b r a z e  m a t e r i a l  do n o t  e x h i b i t  t h e  p re sence  of any b r i t t l e  i n t e r -  
m e t a l l i c  compounds when t h e  c o r r e c t  b r a z e  schedu le  is  employed. T11t: 
j o i n t  appears d u c t i l e .  
2 .  ELECTRODE MATERIALS EVALUATION 
2 . 1  V a r i a b l e  Parameter  Test Veh ic l e  
A v a r i a b l e  parameter  v e h i c l e  has  been des igned  f o r  g r e a t  
v e r s a t i l i t y  i n  measurements over t h e  wide r ange  of pa rame te r s  n e c e s s a r y  
t o  c h a r a c t e r i z e  e l e c t r o d e  m a t e r i a l  performance f o r  a p p l i c a t i o n  t o  
the rmion ic  energy  c o n v e r t e r s .  The d e v i c e  i s  c a p a b l e  of o b t a i n i n g  b o t h  
c e s i a t e d  and vacuum e l e c t r o n  emiss ion  measurements on a v a r i e t y  of 
e l e c t r o d e  m a t e r i a l s .  I n  a d d i t i o n ,  power o u t p u t  measurements ,  a s  a 
f u n c t i o n  of s p a c i n g ,  can  be performed w i t h  e l e c t r o d e  t e m p e r a t u r e s  a t  
o p t  i m u m .  
The major p o r t i o n  of the f i r s t  q u a r t e r  e f f o r t  on t h e  v a r i a b l e  
parameter  t e s t  v e h i c l e  has  been  app l i ed  t o  t h e  development of t h e  b a s i c  
vt ' - l e  d e s i g n  and a comple te  thermal a n a l y s i s  of t h i s  d e s i g n .  T e s t  
v e h i c l e  i n s t r u m e n t a t i o n  and power supply  r equ i r emen t s  have been  s t u d i e d ,  
an a u t o m a t i c  e l e c t r o n i c  load  has  been d e s i g n e d ,  and i t s  assembly is 
comple t e .  The a v a i l a b i l i t y  of an e l e c t r o n i c  load  w i l l  r educe  d a t a  
accumula t ion  t ime and i n c r e a s e  the accuracy  and v a l i d i t y  of t h e  emis- 
s i o n  measurements. 
2 . 1 . 1  Veh ic l e  Design 
Before  a d e t a i l e d  d e s i g n  and the rma l  a n a l y s i s  of a 
v a r i a b l e  parameter  t e s t  v e h i c l e  could b e g i n ,  a b a s i c  d e c i s i o n  conce rn ing  
t empera tu re  measurement was r e q u i r e d .  A d e s i g n  which al lowed t h e  accu- 
r a t e  d e t e r m i n a t i o n  of e m i t t e r  ( ca thode )  t e m p e r a t u r e s  had t o  be q e l e r + o d =  
Due t o  t h e  h i g h  t empera tu re  i n s t a b i l i t y  of thermocouple  measurements 
d u r i n g  long  term o p e r a t i o n  ( a  r e s u l t  of m a t e r i a l  d i f f u s i o n  a t  the  b i -  
metal j u n c t i o n ) ,  a pyrometer  method of measurement,  u t i l i z i n g  an 8 t o  1 
blackbody h o l e  was chosen .  S ince  t h e  l a r g e s t  c o n t r i b u t i o n  t o  measure- 
ment i naccuracy  i n  t h i s  method i s  ex t r aneous  r a d i a t i o n ,  a dev ice  geometry 
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was s e l e c t e L  which al lowed an  unobs t ruc t ed  view of  t h e  blackbody h o l e  
by a m i c r o - o p t i c a l  pyrometer .  
Based on t h e s e  c o n s i d e r a t i o n s ,  t h e  d e s i g n  geometry 
u t i l i z e s  a c o n c e n t r i c  guard r i n g  and a c o l l e c t o r  b a r r e l  w i t h  exposed 
e m i t t e r .  F i g u r e  2 - 1  shows t h e  geometry of t h e  v e h i c l e .  An added bene-  
f i t  of t h i s  d e s i g n  i s  t h e  a b i l i t y  t o  e l i m i n a t e  a l l  p o s s i b i l i t y  of a 
p a r a s i t i c  cesium r e s e r v o i r .  
The l e n g t h  of t h e  c o l l e c t o r  b a r r e l  i s  de t e rmined  by 
b o t h  h e a t  t r a n s f e r  c o n s i d e r a t i o n s  and ,  mechan ica l ly ,  t h e  f ac t  t h a t  i t  
must b e  c o a x i a l  w i t h  a guard  r i n g  of a p a r t i c u l a r  l e n g t h .  The l e n g t h  
of t h e  guard r i n g  i s  mainly set  by the  mechanica l  l i m i t a t i o n s  which are 
i n t r o d u c e d  by t h e  requi rement  t h a t  t h e  guard r i n g - c o l l e c t o r  move w i t h  
r e s p e c t  t o  t h e  emi t te r  and emitter envelope .  
2 .1 .1 .1  V a r i a b l e  Parameter  Test Veh ic l e  Thermal A n a l y s i s  
A pr imary  c o n s i d e r a t i o n  i n  t h e  t h e r m a l  d e s i g n  
of t h e  e m i s s i o n  v e h i c l e  was t o  provide  e q u a l  t empera tu re  d i s t r i b u t i o n s  
(zero c o n t a c t  p o t e n t i a l )  a l o n g  the guard r i n g  and c o l l e c t o r  b a r r e l  and ,  
a t  t h e  same t i m e ,  minimize t h e  c o l l e c t o r  b a r r e l  l e n g t h  t o  r educe  AT i n  
t h e  c o l l e c t o r  b a r r e l  a t  h i g h  h e a t  f l u x e s .  
To de te rmine  whether  t h e  guard r i n g  and c o l -  
l e c t o r  have e q u a l  o r  n e a r l y  e q u a l  thermal  g r a d i e n t s  and hence z e r o  con- 
tact  p o t e n t i a l  d i f f e r e n c e  s i n c e  t h e y  a r e  f a b r i c a t e d  of t h e  same m a t e r i a l ,  
c o n s i d e r  t h e  f o l l o w i n g  d e r i v a t i o n .  The h e a t  conducted down t h e  c o l l e c t o r  
b a r r e l  i s  
i s  t h e  k c o l l  where Q i s  t h e  h e a t  f l u x  conducted down t h e  c o l l e c t o r ,  c o l l  
i s  t h e  c r o s s -  c o l l  t he rma l  c o n d u c t i v i t y  of t h e  c o l l e c t o r  m a t e r i a l ,  A 
s e c t i o n a l  a r e a  of t h e  conduc t ing  p a t h  and - i s  t h e  the rma l  g r a d i e n t  
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down i t s  l e n g t h .  The h e a t  conducted  down t h e  guard  r i n g  i s  g iven  
by 
g . r  g . r  dx 
= k  A 
Qg .r 
where t h e  q u a n t i t i e s  i n  Eq. 2 a r e  t h e  same as i n  Eq. 1 excep t  t h a t  they  
app ly  t o  t h e  guard r i n g  s t r u c t u r e .  Now, t h e  h e a t  f l u x  i n p u t  t o  t h e  
c o l l e c t o r  b a r r e l  i s  
Q c o l l  = %oil Atoll 
and t h e  h e a t  f l u x  i n p u t  t o  t h e  guard r i n g  i s  
Q g . r .  @ g . r .  A g . r .  
( 3 )  
(4)  
where ,  i n  b o t h  E q s .  3 and 4 ,  J i s  t h e  e l e c t r o n  c u r r e n t  d e n s i t y  e m i t t e d  
by t h e  emitter ( ca thode ) ,  @toll and 6 
work f u n c t i o n s  of t h e  c o l l e c t o r  and guard r i n g ,  and A and A 
are t h e  col lector  areas f o r  t h e  c o l l e c t o r  and guard  r i n g ,  r e s p e c t i v e l y .  
The e f f e c t i v e  the rma l  work f u n c t i o n  f o r  h e a t  t r a n s f e r  purposes  i s  de- 
pendent  upon t h e  a p p a r e n t  s u r f a c e  work f u n c t i o n  @ 
e m i s s i o n  data)’ ,  t h e  plasma e l e c t r o n  energy (E 
and t h e  ene rgy  ga ined  ( o r  l o s t )  a t  t h e  a c c e l e r a t i n g  ( o r  r e t a r d i n g )  
s h e a t h  a t  t h e  c o l l e c t o r  o r  guard r i n g  s u r f a c e .  I n  t h e  c o n d i t i o n  where 
t h e  c o l l e c t o r  i s  matched t o  t h e  p lasma,  t h e r e  i s  no  s h e a t h  a t  t h e  anode 
s u r f a c e  and ,  f o r  h e a t  t r a n s f e r  pu rposes ,  
c kT 
are t h e  e f f e c t i v e  thermal  
c o l l  g . r .  
g . r .  
( a s  de te rmined  from 
C 
/Re) J - - 4kTp~asrna plasma 
0 
t h  @ e f f  
where 1 . 3  5 Q S 1 . 5  depending on t h e  plasma e l e c t r o n  energy  d i s t r i b u t i o n .  
It i s  apparent  f r a n  t h e  fo rego ing  d i s c u s s i o n  
t h a t  a h e a t  t r a n s f e r  a n a l y s i s  cannot  be v a l i d  w i t h o u t  c o n s i d e r a t i o n  of 
plasma c o n d i t i o n s  w i t h i n  t h e  i n t e r e l e c t r o d e  s p a c e .  The e f f e c t  of  t h e s e  
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pla5ma ( o n d i t  i o n s  on t h e  thermal  power i n p u t  c a n  be demons t r a t ed  b y  
c o n s i d e r i n g  the  c a s e  of a matclxd plasma a t  t h e  c o l l e c t o r  (anode)  
( i . e . ,  no  c o l l e c t o r  s h e a t h ) ,  a plasma e l e c t r o n  t empera tu re  of 6000'K 
(a  p robab le  maximum c o n d i t i o n ) ,  and a n  a p p a r e n t  minimum work f u n c t i o n  
f o r  c e s i a t e d  molybdenum of 1.55 eV. In t h i s  c a s e ,  V = 4kT / - - e  P plasma 
is 0 .66  e V .  T h i s  r e s u l t s  i n  ,' = 2 . 2 1  e V  ( f o r  h c a t  t r a n s f e r  pur-  
p o s e s ) ,  which i s  a c o r r e c t i o n  01 40 p e r c e n t  t o  t h e  the rma l  power i n p u t  
t o  t h e  c o l l e c t o r  o r  guard r i n g  over a p p a r e n t  work f u n c t i o n  c o n s i d e r a t i o n s .  
ef f t h  
Re tu rn ing  t o  t h e  d e r i v a t i o n ,  s i n c e  t h e  guard 
r i n g  and c o l l e c t o r  a r e  of t h e  same m a t e r i a l ,  t h e  c o n d u c t i v i t i e s  and 
work f u n c t i o n s  a r e  i d e n t i c a l ,  i f  e q u a l  t e m p e r a t u r e s  a r e  assumed. In 
a d d i t i o n ,  d u e  t o  t h e  noncontoured geometry,  t h e  c o l l e c t i n g  area i s  t h e  
same as t h e  c r o s s - s e c t i o n a l  a r e a  of t h e  c o n d u c t i n g  p a t h .  T h e r e f o r e ,  
s u b s t i t u t i o n  of E q s .  3 and 4 i n t o  E q s .  1 and 2 y i e l d s  
= k  
g . r .  g . r .  dx 
- J ;L,  - c o l l  
I C 0 1 1  
and ,  a s  a r e s u l t  of t h e  f a c t  t h a t  t h e  c o l l e c t o r  and guard r i n g  a r e  
i d e n t i c a l ,  
g . r .  dx 
c / g . r .  
k c o l l  q = k  
c o l l  
dx dx 
l c o l l  1g.r. 
Thus,  t h e  t empera tu re  g r a d i e n t s  a r e  i d e n t i c a l  down t h e  guard r i n g  and 
c o l l e c t o r  , r e s u l t i n g  i n  e q u i v a l e n t  t e m p e r a t u r e  d i s t r i b u t i o n .  T h i s  
produces e q u a l  c e s i a t e d  work f u n c t i o n s  and t h u s  a ze ro  c o n t a c t  p o t e n t i a l  
d i f f e r e n c e .  
The emitter i s  suppor t ed  by t h e  e m i t t e r  h e a t  
T h i s  envelope i s  c o a x i a l  w i t h  t h e  guard r i n g  and c o l -  choke enve lope .  
l e c t o r  and p r o v i d e s  t h e  e l e c t r i c a l  c o n n e c t i o n  between t h e  e m i t t e r  and 
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I 
e m i t t e r  l e a d  s t r a p s .  The envelope i s  a c r i t i c a l  member of t h e  v e h i c l e  
which accomplishes  t h r e e  impor t an t  t asks :  ( 1 )  i t  must ac t  as  a n  e f f e c -  
t i v e  h e a t  choke,  t h e r m a l l y  i s o l a t i n g  an e m i t t e r  which may o p e r a t e  a t  
t e m p e r a t u r e s  i n  e x c e s s  of 1800 C from s t r u c t u r a l  members of t h e  d e v i c e  
which shou ld  not  exceed t e m p e r a t u r e s  of 800 C t o  900 C ;  ( 2 )  i t  must 
c a r r y  c u r r e n t s  i n  e x c e s s  of 400 amperes wi thou t  a l a r g e  v o l t a g e  d r o p  
o v e r  t h e  l e n g t h  of t h e  enve lope ;  and ( 3 )  i t  m u s t  m a i n t a i n  vacuum and 
mechanical  i n t e g r i t y .  
0 
0 0 
The “optimum” h e a t  choke d e s i g n  r e q u i r e s  
b a l a n c i n g  t h e  e l e c t r i c a l  l o s s e s  w i t h  the the rma l  l o s s e s .  From t h e  
f o l l o w i n g  e q u a t i o n ,  a p r a c t i c a l  L/A r a t i o  must be  o b t a i n e d  which mini-  
mizes CY, t h e  r a t i o  of e l e c t r i c a l  loss  t o  the rma l  l o s s .  
where I is the t o t a l  c u r r e n t  ( i n  amperes) p a s s i n g  t h r o u g h  the heat 
choke ,  p i s  t h e  r e s i s t i v i t y  of t h e  material ,  L i s  t h e  l e n g t h  of t h e  
h e a t  choke, A i s  t h e  c r o s s - s e c t i o n a l  a r e a  of t h e  h e a t  choke w a l l ,  K i s  
t h e  the rma l  c o n d u c t i v i t y  of  t h e  m a t e r i a l  and AT i s  t h e  t e m p e r a t u r e  drop 
a c r o s s  t h e  h e a t  choke. The terms i n  t h e  denominator of  Eq .  7 ar,e the 
the rma l  losses  i n  t h e  envelope.  Th i s  c o n s i s t s  of h e a t  c o n d u c t i o n  ( t h e  
f i r s t  term) and h a l f  t h e  j o u l e  h e a t i n g  ( t h e  second term) due t o  t h e  
p o s s i b i l i t y  of j o u l e  l o s s e s  f lowing  out e i t h e r  end o f  t h e  envelope.  
I 
r 
Heat choke envelopes of  two d i f f e r e n t  mate- 
r i a l s  must be d e s i g n e d ,  one of  rhenium and one of t an ta lum.  The d e s i g n  
p rocedure  is  t o  de t e rmine  p r a c t i c a l  va lues  of L and A and e v a l u a t e  AT 
trom Eq. 7 as a r u n c t i o n  o f  cne p a r a n i r ~ e ~  [y. i d u i r  L - A  ~ u ~ I u L t a L A L s a  C L L L  
r e s u l t s  based on t h i s  approach.  Heat conduc t ion  K i s  e v a l u a t e d  f o r  a n  
a v e r a g e  t e z p e r a t u r e  of 1 O O O O C .  
- L l  T - , , - . - - , - J - - -  cl,, 
6 9 5 2 - 4 -  1 2 -6 
Y 
I t  
TABLE 2 - 1  
HEAT CHOKE ENVELOPE DESIGN PARAMETERS 
Rhen i urn Tantalum 
L 0.200 inch  0.150 i n c h  
A 0.005 inch  ( w a l l )  0.003 i n c h  ( w a l l )  
I 250 amperes 250 amperes 
P 80 x 0-cm 60 x R-cm 
K 0.48 watt/cm- C 0.67 wat t /cm- C 0 0 
AT 1165OC 1005°C 
CY o .4a 0.48 
From the  v a l u e s  shown i n  t h e  t a b l e ,  t h e  thermal  
power conducted  down t h e  rhenium hea t  choke i s  86 w a t t s ,  t h e  J o u l e  
h e a t i n g  power gene ra t ed  i n  t h e  hea t  choke is 3 3  wat ts ,  and t h e  power 
r a d i a t e d  by t h e  envelope  i s  9 w a t t s .  T h e r e f o r e ,  t h e  t o t a l  power l o s t  
by t h e  e m i t t e r  down t h e  rhenium envelope i s  62 w a t t s  f o r  an e m i t t e r  
t e m p e r a t u r e  of 1700 C and an  e m i t t e r  c u r r e n t  of 250 amperes .  For  
t a n t a l u m ,  t h e  the rma l  p a r e r  conducted down t h e  h e a t  choke i s  80 wa t t s ,  
t h e  J o u l e  h e a t i n g  power gene ra t ed  i n  t h e  envelope  i s  31 wat t s ,  and t h e  
r a d i a t e d  power i s  11 w a t t s .  Then t h e  t o t a l  power d r a i n e d  from t h e  
emitter by a t a n t a l u m  h e a t  choke envelope i s  60 watts f o r  an e m i t t e r  
t empera tu re  of 1700 C and an e m i t t e r  c u r r e n t  of 250 amperes .  
0 
0 
The method chosen f o r  h e a t  r e j e c t i o n  from t h e  
c o l l e c t o r  i s  t h e  mechanica l  a t tachment  of a copper  w a t e r -  o r  a i r - c o o l e d  
h e a t  s i n k .  The h e a t  s i n k  c o n s i s t s  of l - i n c h  copper  s t r a p s ,  l / 8 - i n c h  
t h i c k ,  which are connec ted  t o  copper bus  b a r s  by f l e x i b l e  copper  s t r a p s .  
The bus  b a r s  have been f i t t e d  w i t h  copper  t u b i n g  which c a n  be used f o r  
a i r  o r  water c o o l i n g  of t h e  bus b a r s  t o  accompl ish  a v a r i a b l e  the rma l  
conduc t ion .  An exper iment  was conducted t o  de t e rmine  t h e  h e a t  t r a n s f e r  
c h a r a c t e r i s t i c s  of such a mechanica l ly  clamped c o l l e c t o r - r a d i a t o r  com- 
b i n a t i o n .  The expe r imen ta l  arrangement and t h e  p o s i t i o n  of thermocouples  
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i s  shown i n  F i g .  2 - 2 .  The r e s u l t s  of a h e a t  t r a n s f e r  experiment  on 
t h i s  combinat ion are summarized i n  Table 2 - 1 1 .  
TABLE 2 - 1 1  
BOLTED COLLECTOR RADIATOR HEAT TRANSFER EXPERIMENT 
FOR VARIABLE PARAMETER EMISSION TEST VEHICLE 
Cons tan t  E l e c t r i c a l  Power Inpu t  t o  Gun: approx.  350 wa t t s  
C o l l e c t o r  Sur face  Temperature:  approx.  9OO0C 
C o l l e c t o r  Base Power Conducted Type of A u x i l i a r y  
Temperature Out Lead S t r a p  Coo l ing  
617OC 158.3 w a t t s  F l e x i b l e  l e a d s  
608OC 239.2 F l e x i b l e  l e a d s  w i t h  
a i r  c o o l i n g ,  20 p s i  
a i r  p r e s s u r e  
6 0 3 O C  245.6 F l e x i b l e  l e a d s  w i t h  
H 0 c o o l i n g  flow 
r a t e  of 1 l i t e r l m i n  
593OC 265.3 F l e x i b l e  l e a d s  w i t h  
H 2 0  c o o l i n g  flow 
r a t e  of 2 l i t e r l m i n  
2 
The d i f f e r e n c e  between power conducted o u t  
l e a d  s t r a p s  and e l e c t r i c a l  power inpu t  t o  gun i s  t h e  power r a d i a t e d  by 
t h e  gun and t h e  c o l l e c t o r .  A s  c a n  be  s e e n  from Tab le  2-11, over 100 
w a t t s  a d d i t i o n a l  power can  be conducted o u t  t h e  c o l l e c t o r  r a d i a t o r  
s t r a p s  by v a r y i n g  t h e  means of c o o l i n g .  
t i o n  of t h e  c o l l e c t o r  r o o t  t empera tu re ,  which i s  t h e  more s i g n i f i c a n t  
r e s u l t .  I n  a d d i t i o n  t o  c o n t r o l l i n g  the c o l l e c t o r  r o o t  t e m p e r a t u r e  by 
c o o l i n g ,  h e a t e r s  have Seen  added t o  t h e  r a d i a t o r  s t r a p s  f o r  m a i n t a i n i n g  
t h e  c o l l e c t o r  t e m p e r a t u r e  a t  d e s i r a b l e  l e v e l s  a t  low c u r r e n t s .  To 
d e t e r m i n e  the c o l l e c t o r  r o o t  t empera tu re  as a f u n c t i o n  of h e a t e r  power, 
c o n s i d e r  t h e  i d e a l i z e d  system shown i n  F i g .  2-3. I n  t h e  i l l u s t r a t i o n ,  
Q i s  t h e  t h e r m a l  power i n t o  t h e  c o l l e c t o r ,  112 Q i s  t h e  t h e r m a l  power 
o u t  e a c h  r a d i a t o r  s t r a p  assuming n o  r a d i a t i o n  l o s s e s ,  q i s  t h e  h e a t e r  
T h i s  r e s u l t s  i n  a 25OC v a r i a -  
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power i n t o  each r a d i a t o r  s t r a p ,  T i s  t h e  c o l l e c t o r  t o p  t e m p e r a t u r e ,  T 
T i s  t h e  c o l l e c t o r  r o o t  t e m p e r a t u r e ,  and T i s  t h e  c o l l e c t o r  r a d i a t o r  
s t r a p  t e m p e r a t u r e .  Now , 
r S 
and 
1 ,  k 2 ,  A1,  and A a r e  t h e  c o n d u c t i v i t i e s  and c r o s s - s e c t i o n a l  where k 
areas of t h e  c o l l e c t o r  and r a d i a t o r  s t r a p ,  r e s p e c t i v e l y .  Combining 
Eqs.  8 and 9 and s o l v i n g  f o r  T y i e l d s :  
2 
r 
b) TT+(Y) Ts - 2 q 
- 
klAl + k2A2 Tr - -
.r 1 
Equat ion 10 i s  used t o  de t e rmine  t h e  h e a t e r  
power n e c e s s a r y  t o  c o n t r o l  t h e  c o l l e c t o r  t e m p e r a t u r e s .  I f  a c o l l e c t o r  
s u r f a c e  te .npcrature  of 7 0 0  C i s  d e s i r e d ,  t h e  r e q u i r e d  h e a t e r  power can 
be  c a l c u l a t e d .  
0 
I n  a d d i t i o n  t o  TT = 7OO0C, i t  w i l l  be assumed t h a t  
= 500°C and T = 45OoC. 
geometry of t h e  des igned  c o l l e c t o r  r a d i a t o r .  
Thus,  E q .  10 y i e l d s  q = 7 0  watts f o r  t h e  Tr S 
F i g u r e  2-4 shows t h e  v a r i a t i o n  of c o l l e c t o r  
f a c e  t e m p e r a t u r e  w i t h  c o l l e c t o r  c u r r e n t  d e n s i t y .  The c u r v e  w a s  c a l c u -  
l a t e d  assuming a c o n s t a n t  c o l l e c t o r  r o o t  t e m p e r a t u r e  of  450 C.  The 
s i g c i f i c ~ n r ~  nf  FFg. 2-4 l i e s  i n  t h e  result  t h a t  s t e a d y - s t a t e  opt imized 
power measurements w i l l  be l i m i t e d  t o  c u r r e n t s  less  t h a n  125 amperes/cm . 
T h i s  i s  due t o  EOS' e x p e r i e n c e  t h a t  minimum c o l l e c t o r  work f u n c t i o n s  
canno t  be ach ieved  f o r  c o l l e c t o r  t e m p e r a t u r e s  i n  e x c e s s  of 900 C .  T h i s  




L h i g h e r  c u r r e n t  d e n s i t i e s  t h a n  125 amperes/cm . When op t imized  power 
o u t p u t  i s  of no i n t e r e s t ,  t h e  a l l o w a b l e  c o l l e c t o r  s u r f a c e  t empera tu re  
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i s  l i m i t e d  only by s t r u c t u r a l  c o n s i d e r a t i o n s ;  t h e r e f o r e ,  c u r r e n t s  of 
200 ampereslcm can be e a s i l y  measured. 2 
F i g u r e s  2-5 and 2 - 6  a r e  p l o t s  of t h e  approx i -  
mate d i s t r i b u t i o n  of i so the rms  down t h e  l e n g t h s  of t h e  members. The 
d i s t r i b u t i o n s  were ob ta ined  u s i n g  a t e l e d e l t o s  a n a l o g  e l e c t r i c a l  f i e l d  
p l o t t e r .  The c r o s s  s e c t i o n  through t h e  c o l l e c t o r  b a r r e l  i s  i n  a p l ane  
p e r p e n d i c u l a r  t o  t h e  r a d i a t o r  h e a t  s i n k  s t r a p .  These p l o t s  a r e  t o  
i n d i c a t e  t h a t  a uniform h e a t  t r a n s f e r  w i l l  t a k e  p l a c e  a t  t h e  c o l l e c t o r  
r a d i a t o r  i n t e r f a c e  r e s u l t i n g  from a uniform t empera tu re  a t  t h e  c o l l e c -  
t o r  r o o t .  
2 .1 .1 .2  I n t e r e l e c t r o d e  P o t e n t i a l  D i s t r i b u t i o n  
and Ana lys i s  
U t i l i z i n g  t h e  t e l e d e l t o s  ana log  f i e l d  p l o t t e r ,  
an  i n t e r e l e c t r o d e  e l e c t r o s t a t i c  p o t e n t i a l  d i s t r i b u t i o n  was o b t a i n e d  f o r  
a n  e q u i v a l e n t  i n t e r e l e c t r o d e  spac ing  of 5 m i l s  f o r  t h r e e  c a s e s :  ( 1 )  t h e  
guard r i n g  a t  t h e  same p o t e n t i a l  as  t h e  c o l l e c t o r ;  ( 2 )  t h e  guard  r i n g  
a t  a p o t e n t i a l  i n t e r m e d i a t e  between t h o s e  of t h e  c o l l e c t o r  and emi t te r ;  
and ( 3 )  t h e  c o l l e c t o r  a t  a p o t e n t i a l  between t h o s e  of t h e  guard  r i n g  
and emi t t e r .  For t h e  f i r s t  c a s e ,  t h e  p e n e t r a t i o n  p o t e n t i a l  i n  t h e  
c o l l e c t o r - g u a r d  r i n g  gap i s  reduced t o  1 p e r c e n t  of t h e  c o l l e c t o r -  
emi t te r  p o t e n t i a l  i n  one gap wid th .  Th i s  s i t u a t i o n  i s  shown i n  F i g .  2 - 7 .  
I n  a d d i t i o n ,  t h e  s h i f t s  i n  t h e  p o t e n t i a l  d i s t r i b u t i o n  a s  t h e  guard r i n g  
p o t e n t i a l  v a r i e s  a r e  e v i d e n t .  
There a r e  two major c o n c l u s i o n s  t o  b e  drawn 
from t h e s e  d i s t r i b u t i o n s :  (1) the  p o t e n t i a l  d i s t r i b u t i o n  i n  t h e  i n t e r -  
e l e c t r o d e  a r e a  between emitter and c o l l e c t o r  i s  i n s e n s i t i v e  t o  guard  
r i n g  pocenLia i ;  and (ij r;he maxirriuiri ~ L L O L  i i i  L i i e  emission area deter- 
m i n a t i o n  i s  l e s s  t h a n  2 p e r c e n t .  These c o n c l u s i o n s  r e s u l t  from ob- 
s e r v i n g  t h a t  w i t h  d e v i a t i o n s  of t h e  guard r i n g  p o t e n t i a l  as l a r g e  a s  
z10 p e r c e n t ,  t h e  p o t e n t i a l  d i s t r i b u t i o n  p e r t u r b a t i o n s  w i t h i n  t h e  i n t e r -  
e l e c t r o d e  space  due t o  guard r i n g  p o t e n t i a l  v a r i a t i o n s  a r e  comple t e ly  
suppres sed  i n  a d i s t a n c e  on ly  0.002 i n c h  from t h e  edge of t h e  c o l l e c t o r  
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s u r f a c e .  The e s t i m a t e  of emission a r e a  c r r o r  is  based on the  symmetry 
of t h e  p o t e n t i a l  l i n e s .  The l i n e  of e l e c t r o s t a t i c  p o t e n t i a l  s y m m e t r y  
b i s e c t s  t h e  guard r i n g - c o l l e c t o r  gap .  The d r i f t  e l e c t r o n s  i n  t h e  
i n t e r e l e c t r o d e  spac ing  have thermal e n e r g i e s  of o n l y  approx ima te ly  
0 . 5  v o l t s .  I f  t h e  e n e r g i e s  of  the d r i f t  e l e c t r o n s  a r e  comparable t o  
or  less  than  t h e  p o t e n t i a l  d rop  of t h e  s p a c i n g ,  t h e  e l e c t r o n  t r a j e c -  
t o r i e s  a r e  e s s e n t i a l l y  p e r p e n d i c u l a r  t o  t h e  p o t e n t i a l  l i n e s .  I f  t h e  
e l e c t r o n  e n e r g i e s  a r e  much g r e a t e r  t han  t h e  t o t a l  p o t e n t i a l  d r o p  i n  
t h e  g a p ,  t hey  a re  f ree  t o  t r a v e l  a t  l a r g e  a n g l e s  t o  t h e  p o t e n t i a l  
l i n e s .  I n  t h e  c a s e  of a thermionic  c o n v e r t e r ,  app rox ima te ly  t h e  t o t a l  
p o t e n t i a l  d rop  i s  a c r o s s  t h e  shea th  a t  t h e  c a t h o d e ,  s i n c e  t h e  i n t e r -  
e l e c t r o d e  s p a c i n g  i s  predominately a v e r y  weak f i e l d  r e g i o n .  I n  
t h i s  c a s e ,  though,  t h e  d r i f t  e l e c t r o n s  e n t e r  t h e  e m i t t e r  s h e a t h  from 
t h e  e m i t t e r  (cathode)  w i t h  e n e r g i e s  of o n l y  2kT a n d ,  w i t h  t h e  v e r y  
s t e e p  p o t e n t i a l  g r a d i e n t  i n  t h e  s h e a t h ,  t hey  are  e a s i l y  fo rced  i n t o  
a t r a j e c t o r y  of normal inc idence .  T h e r e f o r e ,  i t  seems a p p a r e n t  t h a t  
t h e  f a r t h e s t  p o i n t  from t h e  c o l l e c t o r  (anode) from which e l e c t r o n s  
c a n  o r i g i n a t e  and be c o l l e c t e d  by t h e  c o l l e c t o r  i s  t h e  p o i n t  on t h e  
emitter o p p o s i t e  t h e  midpoint,  of t h e  c o l l e c t o r - g u a r d  r i n g  s p a c i n g .  
Th i s  p o i n t  h a s  been marked i n  Fig.  2-7. Using t h i s  p o i n t  f o r  measur- 
i ng  t h e  e m i t t i n g  a r e a  r e s u l t s  i n  a maximum e f f e c t i v e  emitter area of  
2.04 cm2, a n  e r r o r  of 2 p e r c e n t  i n  t h e  d e s i r e d  emitter area of 2.00 
L c m  . 
These p o t e n t i a l  p l o t s  were made for t h e  
vacuum c a s e .  In  a p l a s m a - f i l l e d  environment  w i t h  a ca thode  s h e a t h ,  t h e  
s h e a t h  a c t s  as a v i r t u a l  ca thode  and t h e  p o t e n t i a l  d i s t r i b u t i o n  i n  t h e  
n l a c m g  cnlym> is pill ~-~roco-+nA by t h e  i~dLca t :5  t c l c d s : t ; ;  p:;t;. 
r r - - - b L * - - -  
2 . 1 . 1 . 3  Drive Mechanism 
The e m i t t e r - c o l l e c t o r  spac ing  on t h e  v a r i a b l e  
parameter  t e s t  v e h i c l e  i s  v a r i e d  by app ly ing  f o r c e  t o  t h r e e  s p r i n g - l o a d e d  
r o d s  which a r e  i n s e r t e d  fran the  b e l l  j a r  t o p  p l a t e .  These r o d s  a p p l y  
p r e s s u r e  t o  t h e  emi t te r  p l a t e  seen i n  F i g .  2-8.  The i n d i v i d u a l  r o d s  a r e  
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c o n t r o l l e d  by a d i f f e r e n t i a l  t h read  d r i v e  t o  a l l o w  independen t  movement 
of  each  r o d .  One comple te  r o t a t i o n  of t h e  c o n t r o l  nu t  on t h e  i n d i v i d u a l  
r o d s  r e s u l t s  i n  a t r a n s l a t i o n a l  movement of 0 .002 i n c h .  The t h r e e  r o d s  
c a n  be ganged f o r  un i form motion c o n t r o l l e d  w i t h  a s i n g l e  d r i v e .  One 
comple te  r o t a t i o n  of t h e  main c o n t r o l  knob r e s u l t s  i n  a uniform move- 
ment of  0.0008 i n c h  by t h e  ganged r o d s .  The r e t u r n  movement i s  o b t a i n e d  
by s p r i n g - l o a d e d  ceramic  r o d s  mounted benea th  t h e  e m i t t e r  p l a t e .  These  
r o d s  keep a c o n s t a n t  expanding p r e s s u r e  on t h e  be l lows  s e c t i o n  of t h e  
v e h i c l e .  The spac ing  measurement d e v i c e  i s  a l s o  mounted benea th  t h e  
e m i t t e r  p l a t e .  The measur ing  device  i s  suppor t ed  fran a second ceramic  
r o d  w h i l e  measur ing  t h e  movement o f  t h e  ceramic  r e t u r n  r o d .  T h i s  tem- 
p e r a t u r e  compensat ing method a l lows  t h e  measur ing  d e v i c e  t o  i n d i c a t e  
on ly  t r u e  mechanica l  movement of t h e  e m i t t e r  w i t h  r e s p e c t  t o  t h e  c o l -  
l e c t o r  and n o t  t h e  thermal  expans ion  i n  t h e  s u p p o r t  and r e t u r n  r o d s .  
The measur ing  d e v i c e  w i l l  be a d ia l -gauge  d e p t h  i n d i c a t o r  a c c u r a t e  t o  
0.0001 i n c h .  The ganged d r i v e  hous ing  has  been machined,  i n  a d d i t i o n  
t o  t h e  t h r e e  se t s  of d i f f e r e n t i a l  t h r e a d  d r i v e s .  Orde r s  have been 
p l a c e d  f o r  a l l  r e q u i r e d  m a t e r i a l  and components. 
2 . 1 . 1 . 4  Support  F i x t u r e s  
A l l  of t h e  p reced ing  the rma l  c o n s i d e r a t i o n s  
a r e  i r r e l e v a n t  i f  t h e r e  a r e  n o  adequa te  means f o r  c a r r y i n g  t h e  e l e c t r i c a l  
c u r r e n t s  and thermal  l o a d s  i n t o  and away frcm t h e  emis s ion  t e s t  v e h i c l e .  
I n  a d d i t i o n ,  t h e  p r e c i s i o n  mechanical  suppor t  of t h e  v e h i c l e  i s  of major  
impor t ance .  
F i g u r e  2-9 shows t h e  approach  t a k e n .  The 
b a s i c  s u p p o r t  s t r u c t u r e  c o n s i s t s  of t h r e e  s t a i n l e s s  s t e e l  d i s k s  sep-  
a r a t e d  bv s t a i n l e s s  s t e e l  r o d s .  The h0ttm-n d i s k  m s t e s  ~ 5 t h  t k  i.;..sici: 
d iame te r  of t h e  vacuum t e s t  s t a t i o n  b a s e  p l a t e .  The midd le  d i s k  sup-  
p o r t s  t h e  r e t u r n  d r i v e  mechanism and  t h e  a c t u a l  v e h i c l e  s u p p o r t  s t r a p s .  
T h i s  d i s k  i s  cove red  by t e n  s h e e t s  of 0 .002- inch - th i ck  dimpled molyb- 
denum h e a t  s h i e l d s .  The s h i e l d s  a r e  n e c e s s a r y  t o  l i m i t  t h e  maximum 
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d i s k .  Two molybdenum s t r a p s  a r e  connected t o  t h e  c o l l e c t o r  r o o t  and 
t e r m i n a t e  on t h e  s t a i n l e s s  s t e e l  d i s k ,  a s  shown i n  t h e  f i g u r e ,  t o  p r o -  
v i d e  mechanical  s u p p o r t .  The e l e c t r o n  bombardment gun i s  suspended 
from t h e  upper d i s k .  A s  t h e  i n t e r e l e c t r o d e  s p a c i n g  i s  v a r i e d ,  t h e  gun 
remains s t a t i o n a r y .  S ince  t h e  i n t e r e l e c t r o d e  s p a c i n g  v a r i a t i o n  w i l l  
on ly  be approx ima te ly  0.010 inch  it i s  f e l t  t h a t  t h e  e m i t t e r  tempera- 
ture  v a r i a t i o n  caused b y  t h i s  co r re spond ing  g u n - t o - e m i t t e r  s p a c i n g  
v a r i a t i o n  can be c o n t r o l l e d  w i t h  a f i n e  a d j u s t  p o t e n t i o m e t e r  on t h e  
bombardment v o l t a g e .  Th i s  scheme h a s  proven t o  be s u c c e s s f u l  i n  p a s t  
EOS expe r imen t s  on v a r i a b l e  spac ing  v e h i c l e s .  
The e l e c t r i c a l  c o n n e c t i o n s  a r e  made i n  t h e  
f o l l o w i n g  manner. The c o l l e c t o r  r a d i a t o r  s t r a p s  a r e  connec ted  by 
f l e x i b l e  s t r a p s  t o  copper  bus b a r s  equipped w i t h  coppe r  c o o l i n g  c o i l s  
on b o t h  s i d e s  of t h e  d e v i c e .  The gua rd  r i n g  and e m i t t e r  c o n n e c t i o n s  
a r e  made w i t h  c l o s e d  copper  t u b e s  which double  a s  w a t e r - c o o l i n g  c o i l s  
and c u r r e n t  c o n d u c t o r s .  S ince  the  e m i t t e r  c a r r i e s  
r e n t  l o a d  t h a n  t h e  guard r i n g ,  t he  c r o s s - s e c t i o n a l  
t u b i n g  w a l l  i s  g r e a t e r  t han  t h a t  of t h e  gua rd  r i n g  
i n  o r d e r  t o  l i m i t  t h e  c u r r e n t  d e n s i t y  t o  l e s s  t han  
a much h i g h e r  c u r -  
a r e a  of t h e  e m i t t e r  
copper  conduc to r  
500 amperes/cm . 2 
I f  t h e  w a t e r  i s  t a k e n  i n t o  accoun t ,  t h e  c u r r e n t  d e n s i t y  i n  t h e  l e a d s  
i s  reduced d r a s t i c a l l y .  The two copper r i n g s  a r e  suppor t ed  a t  t h e  
s t a i n l e s s  s t e e l  s u p p o r t s  and i n s u l a t e d  by a ceramic s l e e v e .  T h i n  cop- 
p e r  s t r a p s  make t h e  connec t ion  between t h e  e m i t t e r  and gua rd  r i n g  and 
t h e i r  r e s p e c t i v e  r i n g s  a t  t h r e e  p o s i t i o n s  symmet r i ca l ly  p o s i t i o n e d  
around t h e  r i n g .  
A s  t h e  s t r a p s  h e a t  up from t h e  e l e c t r i c a l  
c u r r e n t ,  t h e i r  thermal  expansion c r e a t e s  a s t r e s s  f o r c e  on t h e  gua rd  
r i n g  and e m i t t e r  l e a d  f l a n g e s .  Due t o  s m a l l e r  s i z e  of t h e  gua rd  r i n g  
f l a n g e s ,  t h i s  f o r c e  m u s t  be g iven  c o n s i d e r a t i o n .  The s t r e s s  f o r c e  
c a n  be c a l c u l a t e d  from c l a s s i c a l  c o n s i d e r a t i o n s :  
AL F = A Y -  L ’  
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where A i s  t h e  c r o s s - s e c t i o n a l  a r e a ,  Y i s  Young's modulus of coppe r ,  
AL and - i s  the  p e r c e n t a g e  expansion of t h e  s t r a p .  A c o n s e r v a t i v e  c a l -  L 
c u l a t i o n  i s  t o  use Young's modulus a t  room t e m p e r a t u r e ,  s i n c e  Y de-  
c r e a s e s  w i t h  i n c r e a s i n g  t e m p e r a t u r e .  If  0 . 0 1 0 - i n c h - t h i c k  s t r a p s  0.500 
i n c h  wide a r e  used and a t e m p e r a t u r e  drop of 3OO0C i s  assumed, t h e  
r e s u l t i n g  s t ress  f o r c e  i s  c a l c u l a t e d  t o  be 0 . 4  pound from each s t r a p  
t o  t h e  guard r i n g  l e a d .  N o w ,  i f  a vee s e c t i o n  i s  p u t  i n  t he  s t r a p ,  
v e c t o r  r e s o l u t i o n  of t h e  r e s u l t i n g  f o r c e s  i n d i c a t e s  t h a t  t h e  v e r t i c a l  
components c a n c e l  each o t h e r  and t h e  h o r i z o n t a l  components of t h e  
stress f o r c e  a r e  reduced by t h e  s i n e  of t h e  a n g l e  o f  t h e  v e e .  I f  a 
20-degree a n g l e  i s  assumed and w i t h  t h e  same p a r a m e t e r s  a s  used pre- 
v i o u s l y ,  t h e  f o r c e  is reduced t o  0.036 pound a t  t h e  guard r i n g .  The re -  
f o r e ,  i t  can be concluded t h a t  t h e  guard r i n g  p o s i t i o n i n g  w i l l  not  be  
a f f e c t e d  by s t ress  f o r c e s  r e s u l t i n g  from the rma l  l o a d s  th rough  t h e  l e a d  
s t r a p s .  
2 . 1 . 2  V e h i c l e  F a b r i c a t i o n  
The v a r i a b l e  parameter  t e s t  v e h i c l e  d e s i g n  shown i n  
F i g .  2-10 h a s  a c o n c e n t r i c  geometry;  t h e  e m i t t e r  enve lope ,  guard r i n g ,  
and c o l l e c t o r  b a r r e l  a r e  c o n c e n t r i c  about a common a x i s .  T h i s  d e s i g n  
p e r m i t s  t h e  a c c u r a t e  m i c r o - o p t i c a l  pyrometer measurement of e m i t t e r  
t e m p e r a t u r e s  by means of a n  8 - t o - l  black-body h o l e  w i t h o u t  o b s t r u c t i o n  
by t h e  .bombardment f i l a m e n t .  T h i s  geometry a l s o  minimizes  t h e  p o s s i b l e  
e s t a b l i s h m e n t  of a p a r a s i t i c  cesium vapor r e s e r v o i r  due t o  t h e  o p e r a t i o n  
of  some s t r u c t u r a l  members of t h e  v e h i c l e  a t  t e m p e r a t u r e s  n e a r ,  or  lower 
t h a n ,  t h e  cesium r e s e r v o i r  p r o p e r .  
The e m i t t e r  may be r ep laced  by c u t t i n g  t h e  h e l i - a r c  
weld of t h e  copper  be l lows  s e a l  and removing t h e  e m i t t e r  p l a t e  and 
enve lope .  R e p l a c m e n t  of t h e  c o l l e c t o r  i s  accompiished i n  t h e  same 
f a s h i o n .  The replacement  of  t h e  c o l l e c t o r  p e r m i t s  t h e  s t u d y  of d i f -  
f e r e n t  c o l l e c t o r  s u r f a c e  m a t e r i a l s .  The gua rd  r i n g  shou ld  be  made of 
t h e  same m a t e r i a l  a s  t h e  c o l l e c t o r  s o  t h a t  i d e n t i c a l  c e s i a t e d  s u r f a c e  
work f u n c t i o n s  and z e r o  c o n t a c t  p o t e n t i a l  can  be m a i n t a i n e d  between 
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t h e  gua rd  r i n g  and c o l l e c t o r .  Three s e p a r a t e  s e t s  of  g u a r d  r i n g -  
c o l l e c t o r  a s s e m b l i e s  w i l l  b e  f a b r i c a t e d .  One s e t  w i l l  b e  c o n s t r u c t e d  
comple t e ly  of molybdenum, one set  w i l l  have a t a n t a l u m  b u t t o n  brazed 
t o  t h e  s u r f a c e  of t h e  molybdenum c o l l e c t o r  b a r r e l ,  and t h e  t h i r d  w i l l  
have a rhenium b u t t o n  b razed  t o  the s u r f a c e  of t h e  molybdenum c o l l e c t o r  
b a r r e l .  
Three  s p e c i a l l y  machined screws w i l l  be used p r i m a r i l y  
t o  p o s i t i o n  t h e  gua rd  r i n g  v e r t i c a l l y  w i t h  r e s p e c t  t o  t h e  c o l l e c t o r .  
The p o s i t i o n  of t h e  screw i s  shown i n  s e c t i o n  A-A of F i g .  2-10.  These 
screws w i l l  be f a b r i c a t e d  from molybdenum. The secondary  pu rpose  of 
t h e  screws i s  t o  mechan ica l ly  f a s t e n  t h e  guard r i n g  and c o l l e c t o r  a t  
a common p o i n t  s o  t h a t  t h e  thermal  expansion of b o t h  members w i l l  be 
i d e n t i c a l  d u r i n g  o p e r a t i o n  of t h e  v e h i c l e .  
The v e h i c l e  u t i l i z e s  a p r e f a b r i c a t e d  c o n c e p t .  A s  many 
subassembl i e s  a s  p o s s i b l e  a r e  t o  be preassembled b e f o r e  b e i n g  u n i t e d  
i n  t h e  f i n a l  v a r i a b l e  pa rame te r  v e h i c l e  a s sembly .  F i r s t ,  t h e  c e r a m i c s  
a r e  b razed  t o  t h e  f l a t  niobium f l a n g e s  shown i n  F i g .  2 -10 .  In s e p a r a t e  
o p e r a t i o n s ,  t h e  f o u r  f l a r e d  niobium f l a n g e s  a r e  b razed  t o  t h e  e m i t t e r  
p l a t e ,  g u a r d - r i n g  p l a t e ,  a n d ' c o l l e c t o r  s u b a s s e m b l i e s .  The subassembl i e s  
a r e  s t a c k e d  i n  a j i g ,  sandwiching t h e  ce ramic  s e a l s ,  and f o u r  h e l i - a r c  , 
welds  a r e  made around t h e  c i r cumfe rence  of t h e  v e h i c l e .  T h i s  s e a l s  
t h e  d e v i c e  and forms the  b e l l o w s .  I n  c m o n  e l e c t r o n  d e v i c e  f a b r i c a -  
t i o n  p r a c t i c e ,  me ta l - ce ramic  s e a l s  a r e  brazed i n  p o s i t i o n  on t h e  d e v i c e .  
T h i s  r e s u l t s  i n  t h e  l o s s  of t h e  e n t i r e  v e h i c l e  i f  t h e  s e a l s  a r e  n o t  
vacuum t i g h t  a f t e r  b r a z i n g .  I n  t h i s  d e s i g n ,  t h e  me ta l - ce ramic  s e a l s  
a r e  p reb razed  and l e a k  t e s t e d ,  and f i n a l  assembly of t h e  v e h i c l e  is  
t h e n  completed a s  d e s c r i b e d  above by h e l i - a r c  w e l d i n g .  H e l i - a r c  welded 
j c i n t s  a r e  i n h e r e n t l y  much s a f e r  j o i n t s  t o  make s u c c e s s f u l l y  on one-  
o f - a - k i n d  a s s e m b l i e s .  T h i s  p rocess  e l i m i n a t e s  t h e  e s t a b l i s h m e n t  of 
e l e c t r o n  beam weld s c h e d u l e s  o r  high t e m p e r a t u r e  b r a z e  s c h e d u l e s  i n -  
v o l v i n g  m u l t i p l e  s t eps  i n c o r p o r a t i n g  d i f f e r e n t  t he rma l  masses  f o r  each 
s u c c e s s i v e  j o i n t .  
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To d a t e ,  t h e  major f a b r i c a t i o n  e f f o r t  has  been d i r e c -  
t e d  toward the  development of a s i n g l e - c o n v o l u t i o n  r e f r a c t o r y - m e t a l  
b e l l o w s .  A be l lows  was f a b r i c a t e d  and i t  c o n s i s t s  of two niobium 
f l a n g e s  welded t o g e t h e r  a t  t h e  o u t s i d e  d i a m e t e r ,  which is  1 .500  i n c h e s  
The be l lows  was measured t o  have an e x c u r s i o n  g r e a t e r  t h a n  0 .040  i n c h  
a n d ,  i n  t h e  unannealed s t a t e ,  r e q u i r e d  an e x c u r s i o n  f o r c e  of 1 . 6  
l b s / m i l  . The s u c c e s s f u l  f a b r i c a t i o n  of t h i n - w a l l e d  r e f r a c t o r y - m e t a l  
be l lows  i s  seen  t o  be mainly dependent upon t h e  e f f e c t i v e  c h i l l -  
b lock ing  of t h e  welding samples .  Without c h i l l  b l o c k s ,  t h e  t h i n  
(0.010 i n c h )  s h e e t s  of  r e f r a c t o r y  metal  used i n  t h e  be l lows  became 
g r e a t l y  d i s t o r t e d  du r ing  t h e  welding p r o c e s s  due t o  d i f f e r e n t i a l  
t he rma l  s t r e s s  i n  t h e  welded m a t e r i a l .  .Af t e r  we ld ing  t h e  be l lows  
was annea led  a t  1500°C f o r  10 minutes  t o  s t r e s s - r e l i e v e  t h e  be l lows  
m a t e r i a l .  Fol lowing t h e  a n n e a l ,  the  e x c u r s i o n  f o r c e  was measured t o  
be 0 . 5 8  l b s / m i l .  The be l lows  assembly was t h e n  p l a c e d  on c y c l e  l i f e  
t e s t .  The niobium be l lows  assembly s u c c e s s f u l l y  c a n p l e t e d  3500 cy- 
c l e s  a t  room t e m p e r a t u r e  w i t h  a 25 m i l  e x c u r s i o n  w i t h o u t  any s i g n s  
of m e t a l  f a t i g u e .  A t  t h i s  t ime ,  the e x c u r s i o n  f o r c e  had i n c r e a s e d  
t o  0 . 6 4  l b s / m i l .  T h i s  i n c r e a s e  i s  p r o b a b l y  a r e s u l t  of work harden-  
i n g  of t h e  mater ia l .  A t  8000 c y c l e s ,  t h e  be l lows  r u p t u r e d  due t o  
work h a r d e n i n g .  EOS f e e l s  i t  has  proven t h e  f e a s i b i l i t y  of u t i l i z i n g  
welded niobium be l lows  f o r  expansion members. Niobium was chosen  
f o r  t h e  be l lows  m a t e r i a l  due t o  the pu re  s t a t e  i n  which niobium 
may be o b t a i n e d  ( 9 9 . 9  p e r c e n t ) .  I t  has  a ve ry  h i g h  m e l t i n g  p o i n t  
(2415OC) r e s u l t i n g  i n  no con tamina t ion  of t he  v e h i c l e  d u r i n g  h igh -  
t e m p e r a t u r e  o p e r a t i o n .  
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2 . 1 . 3  P a r a m e t r i c  Measurements 
F i g u r e  2 - 1 1  i s  a schematic  of t h e  e m i s s i o n  v e h i c l e  
t e s t  c i r c u i t .  The power supp ly  shown i n  t h e  f i g u r e  i s  u t i l i z e d  t o  
b i a s  t h e  emis s ion  v e h i c l e  d u r i n g  those  p e r i o d s  o f  o p e r a t i o n  when t h e  
v o l t a g e  i s  swept i n t o  t h e  power consuming q u a d r a n t .  T h i s  b i a s  is  r e -  
q u i r e d  a t  l o w  e m i t t e r  t e m p e r a t u r e s  and l a r g e  i n t e r e l e c t r o d e  s p a c i n g s  
where a n  a p p l i e d  v o l t a g e  i s  needed t o  draw s a t u r a t e d  emis s ion  from 
t h e  e m i t t e r .  The e q u a l i z i n g  l o a d  r e s i s t o r  i s  r e q u i r e d  t o  b a l a n c e  t h e  
v o l t a g e  d i f f e r e n c e  between t h e  c o l l e c t o r  and guard r i n g .  
The b a s i c  components o f  t h e  c o n s t a n t  c u r r e n t - v o l t a g e  
sweep  l o a d  a r e  shown i n  F i g .  2 - 1 2 .  The e l e c t r o n i c  l o a d  i s  a v o l t a g e -  
r e g u l a t e d  power consuming d e v i c e .  It h a s  a nominal r e g u l a t i n g  capa -  
b i l i t y  of 2 .6  mV a t  c u r r e n t s  r a n g i n g  from 1 t o  50 amps. I t s  maximum 
a v e r a g e  c u r r e n t  c a p a b i l i t y  i s  200 amps and has  s a t u r a t i o n  c h a r a c t e r -  
i s t i c s  of 75 mV a t  100 amps. I t s  r e g u l a t i n g  range i s  f r m  0.25 V t o  
1 . 4  V .  The sweeping c i r c u i t r y  employs t h e  60 -cyc le  sweep and sweeps 
down t o  a nominal 0.10 V ( a t  h i g h  c u r r e n t s ) .  Peak c u r r e n t s  t o  400 
amps w i l l  b e  w i t h i n  s a f e  o p e r a t i n g  l i m i t s  of  t h e  l o a d .  The maximum 
v o l t a g e  t h a t  can b e  a p p l i e d  t o  t h e  load t r a n s i s t o r s  is  5 v o l t s .  The 
l o a d  employs extremely l o w - s a t u r a t i o n - r e s i s t a n c e  germanium t r a n s i s t o r s .  
2 . 2  M a t e r i a l s  P r o c e s s  Study 
The o b j e c t i v e  of t h i s  s tudy  i s  t o  g e n e r a t e  a p r o c e s s i n g  
s c h e d u l e  f o r  t h e  m a t e r i a l s  s e l e c t e d  a s  e l e c t r o d e s  i n  t h e  v a r i a b l e  
pa rame te r  v e h i c l e  o r  high-performance c o n v e r t e r s .  The p r o c e s s  schedu le  
w i l l  i n c l u d e  a d e t a i l e d  chemical  c l e a n i n g  t r e a t m e n t  and vacuum o u t g a s s i n g  
p rocedure  f o r  a c h i e v i n g  uncontaminated, s t a b l e  e l e c t r o d e  s u r f a c e s .  
The e m i t t i n g  e l e c t r o d e  i n  a high-performance the rmion ic  con- 
v e r t e r  o p e r a t e s  a t  a t e m p e r a t u r e  of 2300 K ,  which may r e s u l t  i n  e x c e s -  
s i v e  g r a i n  growth and u n s t a b l e  emission i f  t h e  e m i t t e r  s u r f a c e  h a s  not  
been p r e v i o u s l y  hea t  t r e a t e d  i n  a manner s u f f i c i e n t  t o  e s t a b l i s h  a 
e t a b l e  g r a i n  s t r u c t u r e .  The c o r e  of t h e  problem, t h e r e f o r e ,  i s  t o  
de t e rmine  a s u r f a c e  f i n i s h i n g  and vacuum o u t g a s s i n g  s c h e d u l e  which 
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w i l l  not  on ly  remove gaseous and high vapor  p r e s s u r e  e l e m e n t s ,  bu t  
which w i l l  a l s o  s e t  t h e  g r a i n  s t r u c t u r e  o f  t h e  e m i t t e r  such t h a t  sub -  
sequent  o p e r a t i o n  f o r  a n  extended l e n g t h  of t ime ( i . e . ,  much g r e a t e r  
t h a n  100 h o u r s )  a t  a t empera tu re  of 2000°K w i l l  n o t  e f f e c t  changes i n  
t h e  e m i t t e r  s u r f a c e  s t r u c t u r e .  
The m a t e r i a l s  s e l e c t e d  f o r  t h i s  p r o c e s s  s t u d y  a r e  Rembar 
high-pur i t y  p l a t e - s t o c k  rhenium and NRC h i g h - p u r i t y  r o d - s t o c k  t a n t a l u m .  
The fo l lowing  pa rag raphs  d i s c u s s  t h e  a n a l y s e s  of t h e  s t o c k  i n  t h e  "as 
r ece ived"  c o n d i t i o n ,  t he  sample p r e p a r a t i o n ,  vacuum o u t g a s s i n g  sched-  
u l e s ,  and p r e l i m i n a r y  r e s u l t s  o f  the s u r f a c e  s t a b i l i t y .  
2 . 2 . 1  A n a l y s i s  of Stock 
A s  a s t a r t i n g  po in t  f o r  t h e  p r o c e s s i n g  s t u d y ,  a de -  
t a i l e d  m i l l  h i s t o r y  f o r  each m a t e r i a l  h a s  been r e q u e s t e d  f r u n  t h e  sup- 
p l i e r .  Upon r e c e i p t  of each m a t e r i a l ,  a s p e c t r o g r a p h i c  a n a l y s i s  was 
performed by t h e  M a t e r i a l s  T e s t i n g  L a b o r a t o r y  (MTL), a D i v i s i o n  of t h e  
Magnaflux C o r p o r a t i o n ,  t o  p rov ide  comparison w i t h  t h e  s u p p l i e r  I s  c e r t i -  
f i c a t i o n  of  p u r i t y .  T a b l e  2-111 and 2-IV p r e s e n t  t h e  d a t a  o b t a i n e d  
f r a n  t h e  MTL t e s t s .  
The a n a l y s e s  d i f f e r  s i g n i f i c a n t l y  on t h e  amount o f  
i m p u r i t i e s  p r e s e n t  i n  each sample.  The d i f f e r e n c e s  a r e  due t o  t h e  
method of t e s t i n g  a s  w e l l  a s  t o  the  i n t e r p r e t a t i o n  of t h e  s p e c t r a ,  t h e  
l a t t e r  may accoun t  f o r  i m p u r i t y  va lues  which were o p t i m i s t i c a l l y  re- 
p o r t e d  t o  range f r a n  1 t o  10 ppm. 
2 . 2 . 2  Sample P r e p a r a t i o n  
Three  b a r - s t o c k  t a n t a l u m  d i s k s  of 0.800 i n c h  d i a m e t e r  
and 0.200 inch  t h i c k n e s s  were machined t o  a c h i e v e  a t o l e r a n c e  of 0 .0001 
i n c h  f l a t n e s s  and 0.0001 i n c h  p e r p e n d i c u l a r i t y  w i t h o u t  t h e  use or  oii 
l u b r i c a n t s .  Such t o l e r a n c e s  w i l l  be  r e q u i r e d  i n  t h e  v a r i a b l e  pa rame te r  
v e h i c l e  s t u d y  f o r  a c c u r a t e  measurements of t he rmion ic  power o u t p u t  a t  
0.0005 i n c h  i n t e r e l e c t r o d e  s p a c i n g s .  The a c t u a l  machined t o l e r a n c e s  
were: F l a t n e s s  t o  w i t h i n  30 m i l l i o n t h s  of  a n  i n c h  and p e r p e n d i c u l a r i t y  
or  "squareness"  t o  w i t h i n  19 m i l l i o n t h s  o f  a n  i n c h ;  b o t h  a s  measured 
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TABLE 2 - I I I A  
NRC REPORT ON ANALYSIS OF HIGH-PURITY TANTALUM BAR STOCK 
T a n t a 1 um 
Chromium 
Copper 




C o 1 umb i um 
T o t a l  O the r  Elements 
Remainder (99  . 87  p e r c e n t )  
0.0001 percent'k 
0 .0001 pe rcen t "  
0.0005 pt ' rcent  
0.0048 p e r c e n t  
0 .01 p e r c e n t  
0.0001 p e r c e n t  
0 .0095 p e r c e n t  
0 .106 percentyc 
*Less t h a n  
TABLE 2 - I I I B  
MATERIALS TESTING LABORATORIES REPORT ON SPECTROGRAPHIC 
ANALYSIS (SEMI-QUANTITATIVE) OF HIGH-PURITY TANTALUM BAR STOCK 
Tan ta  1 um 
C h r  om i um 
Copper 






T o t a l  O the r  Elements  
Remainder (99.62 p e r c e n t )  
0.003 p e r c e n t  
0 .001 p e r c e n t  
0 .01  p e r c e n t  
0 .01 p e r c e n t  
0 . 1 0  p e r c e n t *  
0.0001 p e r c e n t  
c!. e91 r;erront 
0 .10  pe rcen t*  
0 .15  p e r c e n t  
*Less than  
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TABLE 2 - I V A  







S i l i c o n  
T o t a l  Other  Elements  
Remainder (99 .99  p e r c e n t )  
0.0001 p e r c e n t  
0.0005 p e r c e n t  
0.0001 p e r c e n t  
0.0042 p e r c e n t  
0.0001 p e r c e n t  
0.0001 p e r c e n t  
Not Detec ted  
TABLE 2-IVB 
MATERIALS TESTING LABORATORIES REPORT O N  SPECTROGRAPHIC ANALYSIS 
(SEMI-QUANTITATIVE) OF HIGH-PURITY RHENIUM PLATE STOCK 
Rhenium 
Calcium 
T i t  a n i  urn 




S i  1 i c o n  
O t h e r s  
Remainder (99 .96  p e r c e n t  ) 
0.005 per c e n t  
0.002 p e r c e n t  
0 .01  p e r c e n t  
0.002 pe rcen t  
0.003 p e r c e n t  
0 .01 pe rcen t  
0.007 pe rcen t  
Not Detec ted  
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by t h e  EOS Q u a l i t y  Assurance Labora to ry  on a P r a t t  
micrometer  c a p a b l e  of d e t e r m i n i n g  accuracy t o  t e n  m i l l i o n t h s  of an 
i n c h .  A p r o f i l o m e t e r  r e a d i n g  i n d i c a t e d  t h a t  t h e  s u r f a c e  smoothness on 
t h e  sample s u r f a c e s  ranged from 30 t o  less  t h a n  16 m i c r o - i n c h e s .  
Whitney e l e c t r o n i c  
The samples  were chemica l ly  c l e a n e d  i n  acco rdance  
w i t h  t h e  p rocedure  d e s c r i b e d  i n  Appendix A and were s t o r e d  i n  d u s t p r o o f ,  
m o i s t u r e - p r o o f  c o n t a i n e r s  u n t i l  r e q u i r e d  f o r  vacuum o u t g a s s i n g .  
2 .2 .3  Vacuum Outgass ing  Schedules  f o r  Tantalum 
The t a n t a l u m  samples  which were machined and c h e m i c a l l y  
c l e a n e d  as  d e s c r i b e d  i n  t h e  p r e v i o u s  pa rag raphs  were mounted i n  r e f r a c -  
t o r y  m e t a l  f i r i n g  s t a n d s  f o r  e l e c t r o n  bombardment h e a t i n g  i n  a v a c - i o n  
pumped vacuum env i ronmen t .  The t an ta lum f i r i n g  s t a n d s  a r e  f i t t e d  w i t h  
h i g h - p u r i t y ,  vacuum-fired t a n t a l u m  t u b e s  which s u p p o r t  t h e  samples .  
Tantalum was p u r p o s e l y  s e l e c t e d  a s  the s u p p o r t  m a t e r i a l  t o  p r e v e n t  the 
fo rma t ion  of e u t e c t i c s  or t h e  d i f f u s i o n  of m e t a l  s u p p o r t  i m p u r i t i e s  
i n t o  t h e  t a n t a l u m  sample d u r i n g  t h e  h i g h - t e m p e r a t u r e  f i r i n g  o p e r a t i o n .  
A s  a s t a r t i n g  p o i n t  f o r  t h i s  i n v e s t i g a t i o n ,  a n  o u t -  
g a s s i n g  s c h e d u l e  of 2100°C f o r  2 hours  was s e l e c t e d  f o r  t h e  f i r s t  
sample.  
t h e  t h i r d  sample a t  241OOC f o r  2 h o u r s .  
were made by viewing a n  8 : l  hohlraum w i t h  a c a l i b r a t e d  m i c r o - o p t i c a l  
py romete r .  The sample s u r f a c e s  were s u b s e q u e n t l y  examined on a Z e i s s  
m e t a l l o g r a p h .  I n d i v i d u a l  g r a i n s  were marked by a mic roha rdness  t e s t e r  
and photographed w i t h o u t  m e t a l l o g r a p h i c  p r e p a r a t i o n  such  a s  e t c h i n g  o r  
p o l i s h i n g .  
The second sample was ou tgassed  a t  225OoC f o r  2 hour s  and 
A l l  t e m p e r a t u r e  measurements 
The samples  were r e t u r n e d  f o r  100-hour o p e r a t i o n  a t  1735QC. 
2 . 2 . 4  S u r f a c e  S t a b i l i t y  Examination 
F f g ~ r e s  2-13 sr?d 2-14 a r e  comparison pho tographs  of 
samples  ou tgassed  a t  2100°C and 225OoC, r e s p e c t i v e l y ,  and t h e n  o p e r a t e d  
a t  1735'C f o r  100  h o u r s .  
g r a p h s  of t h e  sample s u r f a c e  a r e  machining marks.  The samples were not  
l a p p e d  or p o l i s h e d  s i n c e  t a n t a l u m  becomes con tamina ted  w i t h  embedded 
The c i r c u l a r  grooves t h a t  a p p e a r  i n  t h e  photo-  
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FIG. 2-13a TANTALUM PROCESS SAMPLE VACUUM-FIRED AT 
2100OC FOR 2 HOURS I N  A VAC-ION PUMPED 
ATMOSPHERE OF 1 x 1 0 0 7  torr ( ~ 1 0 0 )  
EVIDENCE OF GRAIN 
BOUNDARY MOVEME 
FIG. 2-13b SAME SAMPLE AFTER OPERATION AT 1 7 3 5 O C  
FOR 100 HOURS AT 5 x 10-8 to r r  (x100) 
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F I G .  2-14a TANTALUM PROCESS SAMPLE VACUUM-FIRED AT 
225OOC FOR 2 HOURS IN A VAC-ION PUMPED 
E N V I R O W N T  OF 4 X torr ( X 5 0 )  
GRAIN BOUNDARY 
MOVEMENT 
FIG. 2-14b SAME SAMPLE AFTER OPERATION AT 1 7 3 5 O C  FOR 
100 HOURS IN A VAC-ION PUMPED ENVIRONMENT 
OF 5 X 10-8 torr ( X 5 0 )  
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p a r t i c l e s  a c q u i r e d  from l a p p i n g  and p o l i s h i n g  o p e r a t i o n s .  On bo th  
s e t s  of p h o t o g r a p h s ,  t h e r e  i s  ample e v i d e n c e  of g r a i n  boundary movement 
which i n d i c a t e s  t h a t  t h e  p rocess ing  s c h e d u l e  was no t  s u f f i c i e n t  t o  p r o -  
duce a s t a b l e  e l e c t r o d e  s u r f a c e .  
0 The 2410 C ou tgas  sample i s  p r e s e n t l y  be ing  examined 
f o r  s u r f a c e  s t a b i l i t y .  
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3 .  COLLECTOR STUDY AND SECONDARY EXPERIMENTS 
3 . 1  C o l l e c t o r  Heat T r a n s f e r  Study 
An i n v e s t i g a t i o n  has  been s t a r t e d  t o  r educe  t h e  c o l l e c t o r -  
b a r r e l  t e m p e r a t u r e  drop i n  a high-performance c o n v e r t e r .  Two approaches  
a r e  be ing  c o n s i d e r e d :  (1) t o  op t imize  t h e  L/A r a t i o  o f  t h e  b a r r e l  s e c -  
t i o n  and s t i l l  r e t a i n  a r e a l i s t i c  geometry c a p a b l e  of f a b r i c a t i o n ,  and 
( 2 )  t o  i n c r e a s e  t h e  the rma l  c o n d u c t i v i t y  of  t h e  b a r r e l  s e c t i o n  by 
i n s e r t i n g  a material  hav ing  a h i g h e r  c o n d u c t i v i t y  t h a n  molybdenum i n  
t h e  h e a t  t r a n s f e r  p a t h ,  
These two approaches  a r e  p r e s e n t l y  b e i n g  developed and a r e  
r e p o r t e d  on i n  t h e  f o l l o w i n g  pa rag raphs .  
3 .1 .1  Thermal Design Curves f o r  Non-Composite C o l l e c t o r  
The c o l l e c t o r  h e a t  load i n  a t h e r m i o n i c  c o n v e r t e r  may 
b e  c a l c u l a t e d  by summing t h e  i n d i v i d u a l  c o n t r i b u t i o n s  o f  e l e c t r o n  h e a t -  
i n g ,  n e t  r a d i a t i o n  h e a t  t r a n s f e r  from e m i t t e r  t o  c o l l e c t o r ,  and t h e  con- 
d u c t i o n  h e a t  t r a n s f e r  from cesium atoms.  The f i r s t  term, e l e c t r o n  h e a t -  
i n g ,  may be w r i t t e n  a s :  
s i n c e  t h e  d r i f t  e l e c t r o n s  d i s s i p a t e  t h e  ene rgy  a c q u i r e d  by f a l l i n g  
through t h e  p o t e n t i a l  o f  t h e  c o l l e c t o r  work f u n c t i o n  p l u s  random p o t e n -  
t l a i  energy i n  t i le p l d ~ ~ i i d .  Thc ;.s?xe ef F, is chosen such t h a t  1 . 3  5 8 IC 1 . 5  
depending on t h e  plasma e l e c t r o n  energy d i s t r i b u t i o n .  T i s  s e l e c t e d  t o  
be 4000°K. 
measured a t  1 . 5 5 e v .  
i s  w r i t t e n  a s  
P l  
T h e  c o l l e c t o r  work of  cesium on molybdenum, @ has been 
T h e r e f o r e ,  t he  e l e c t r o n  h e a t i n g  c o n t r i b u t i o n ,  Q,,, 
c o l l ’  
= I ( 2 . 2 ) ,  w h e r e  I i s  t h e  d r i f t  c u r r e n t  o r  Qeh 
e x t e r n a l  c i r c u i t  c u r r e n t  from an o p e r a t i n g  c u r r e n t .  
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The second t e rm,  n e t  r a d i a t i o n  h e a t  t r a n s f e r  f r o m  
e m i t t e r  t o  c o l l e c t o r ,  i s  w r i t t e n  a s  
= E  ( 4  - T c o l l ,  4 \  Qrad  e f  f 
i s  t h e  e f f e c t i v e  e m i s s i v i t y  of e l e c t r o d e  sys t em.  e f  f where c 
1 - 
1 + - - -  1 1 
em c o l l  
E: - e € €  
c E 
=I 1 ,  10O0K,  = 2,000 K ,  T c o l l  
0 
The n e t  r a d i a t i o n  h e a t  t r a n s f e r  f o r  T 
c 
em 
= 0 . 3 ,  and B c o l l  = 0 . 2 5 ,  and f o r  two squa re  c e n t i m e t e r s  of a r e a  i s :  
em 
= 26 wat ts  
Qrad  
The l a s t  t e rm,  cesium c o n d u c t i o n ,  h a s  been experimen- 
t a l l y  de te rmined  (Ref .  5) t o  be :  
= 16 w a t t s  
QC s 
The sum of t h e s e  c o n t r i b u t i o n s  a r e  s u b s t i t u t e d  i n t o  t h e  
c l a s s i c a l  h e a t  conduc t ion  e q u a t i o n  and AT'S ( t e m p e r a t u r e  d i f f e r e n c e s  
between c o l l e c t o r  s u r f a c e s  and c o l l e c t o r  r o o t s )  a r e  computed f o r  v a r i -  
ous c o n v e r t e r  c u r r e n t  l o a d s .  F igu re  3 - 1  i s  a p l o t  o f  t h e  ?T a s  a func -  
t i o n  of  t h e  c o n v e r t e r  c u r r e n t  w i t h  the c o l l e c t o r  band L/A r a t i o  a s  t h e  
pa rame te r .  The c r o s s - s e c t i o n a l  a r e a ,  A ,  i s  f i x e d  a t  1 .9  cm . Con- 
s e q u e n t l y ,  a t  t h e  d e s i g n  p o i n t  of 50 amperes of c u r r e n t  f l o w ,  a c o l l e c -  
t o r  b a r r e l  l e n g t h  of 0 .6  inch r e s u l t s  i n  a t empera tu re  drop  of 108 C .  
I t  i s  impor t an t  t o  n o t e  t h a t  any s l o t t e d  01: s t e p ~ e r !  p r t i x . ~  cf t h e  
c o l l e c t o r  b a r r e l  may not  be cons ide red  a s  a series c o n n e c t i o n  of  thermal  
impedance s i n c e  t h e  l i n e s  o f  h e a t  f l u x  are d i s t u r b e d  and do pe rmi t  
a s i m p l e ,  l i n e a r  t r e a t m e n t .  
2 
0 
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3 . 1 . 2  Composite C o l l e c t o r  Thermal Experiment and M e t a l l o -  
g r a p h i c  Analyses  
The concept  o f  i n c r e a s i n g  t h e  e f f e c t i v e  the rma l  con- 
d u c t i v i t y  of a molybdenum c o l l e c t o r  b a r r e l  by i n s e r t i n g  coppe r  i n  t h e  
h e a t  t r a n s f e r  pa th  depends upon a c h i e v i n g  a v o i d - f r e e ,  m e t a l l u r i g i c a l  
bond between coppe r  and molybdenum. A composi te  c o l l e c t o r  o f  molybde- 
num and copper  was p repa red  a s  shown i n  F i g .  3 - 2 .  The assembly was 
brought t o  t h e  m e l t i n g  p o i n t  of copper ( i . e . ,  1,086 C) and w a s  p r e -  
pa red  f o r  subsequent  thermal  c y c l e  t e s t i n g .  The expans ion  mismatch 
between coppe r  and molybdenum is so  s e v e r e  t h a t  it i s  r e a s o n a b l e  t o  
s u s p e c t  t h a t  con t inued  c y c l i n g  would r u p t u r e  any bond r e s u l t i n g  frcm 
t h e  m e l t i n g  o p e r a t i o n ;  o r  worse ,  t h e  c o l l e c t o r  s u r f a c e  might warp 
o u t  o f  t o l e r a n c e  and make i t  u s e l e s s  f o r  c o n v e r t e r  a p p l i c a t i o n .  
0 
The composi te  s t r u c t u r e  w a s  t h e r m a l l y  c y c l e d  60 t i m e s  
from 800 C - 200 C w i t h o u t  change i n  t h e  AT from t o p  t o  bot tom. A f t e r  
o p e r a t i o n ,  t h e  c o l l e c t o r  s u r f a c e  and b a r r e l  dimensions were measured 
and were found t o  be w i t h i n  0.0001 inch of t h e  o r i g i n a l  d imens ions .  
F i g u r e  3-3(a)  and FLg. 3-3(b) are  photomicrographs o f  t h e  molybdenum- 
coppe r  bond. There a p p e a r s  t o  be no v o i d  s t r u c t u r e  a t  t h e  i n t e r f a c e ,  
0 0 
no ev idence  o f  s h e a r  c r a c k s  and no fo rma t ion  of  a b r i t t l e  i n t e r m e t a l l i c  
compound. T h i s  t ype  o f  bond i s  c a p a b l e  o f  h i g h  h e a t  t r a n s f e r  r a t e s  
w i t h o u t  a l a r g e  t empera tu re  d r o p ,  t hus  p e r m i t t i n g  t h e  copper  t o  e f f e c -  
t i v e l y  reduce t h e  the rma l  c o n d u c t i v i t y  o f  t h e  c o l l e c t o r  b a r r e l .  
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FIG. 3 - 2  COMPOSITE COLLECTOR, MOLYBDENUM AND COPPER 
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MICROGRAPH OF MOLYBDENUM-COPPER 
INTERFACE NEAREST COLLECTOR 
SURFACE (XSOO) 
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I 3.2  R a d i a t o r  Heat R e j e c t i o n  
3 . 2 . 1  Rokide "C" I n v e s t i g a t i o n  
Three s e p a r a t e  s t u d i e s  a r e  be ing  conducted w i t h  t h e  
g o a l  of improving t h e  r a d i a t o r  heat  r e j e c t i o n  e f f i c i e n c y  of t he rmion ic  
c o n v e r t e r s .  
The f i r s t  s t u d y  i s  concerned w i t h  t h e  long term s t a -  
b i l i t y  of Rokide "C" c o a t i n g s  on two r a d i a t o r  m a t e r i a l s ,  molybdenum 
and c o p p e r .  The c o a t i n g  s t a b i l i t y  i s  be ing  i n v e s t i g a t e d  i n a  t e m p e r a t u r e  
r ange  a p p r o p r i a t e  t o  c o n v e r t e r  r a d i a t o r s  ( i . e .  app rox ima te ly  600 C ) ,  
i n  a v a c - i o n  pumped environment a t  10 nun Hg and f o r  p e r i o d s  o f  t ime  
e x t e n d i n g  t o  500 h o u r s .  I n  a d d i t i o n  t o  t h e  s t a b i l i t y  of t h e  Rokide 
c o a t i n g ,  expe r imen t s  have been conducted t o  de t e rmine  t h e  v a l u e  o f  i t s  
t o t a l  e m i s s i v i t y .  A s  a p a r t  of the s t u d y ,  t h e  pa rame te r s  f o r  a p p l y i n g  
Rokide have been documented i n  d e t a i l  t o  e n s u r e  p r o c e s s  c o n t r o l .  
0 
-8 
The second s tudy  i s  a ma themat i ca l  a n a l y s i s  o f  a 
c o n s t a n t - t e m p e r a t u r e - g r a d i e n t  r a d i a t o r  s u r f a c e  which h a s  been c l a imed  
t o  be  a n  optimum w e i g h t  c o n f i g u r a t i o n  (Ref .  1) .  The a n a l y s i s  s u p p l i e s  
e x p r e s s i o n s  f o r  f i n  t h i c k n e s s  and t o t a l  r a d i a n t  h e a t  t r a n s f e r .  The 
EOS p r o d u c t i o n  p r o t o t y p e  c o n v e r t e r  u t i l i z i n g  a n  i n t e g r a l  c o l l e c t o r -  
r a d i a t o r  i s  reviewed employing t h e  a n a l y t i c  r e s u l t s .  
The t h i r d  s t u d y  i n v e s t i g a t e s  the f e a s i b i i i i y  of usiiig 
a n o n i n t e g r a l  c o l l e c t o r - r a d i a t o r  t o  d e c r e a s e  t h e  c o l l e c t o r  AT a t  h igh  
h e a t  t r a n s f e r  r a t e s  w h i l e  m a i n t a i n i n g  mechan ica l  r i g i d i t y  and minimum 
w e i g h t .  
w i l l  s t a r t  immedia t e ly .  
The p a r t s  have been f a b r i c a t e d  f o r  t h e  experiment  and t e s t i n g  
3 . 2 . 1 . 1  S t a b i l i t y  o f  Rokide "C" Coated Molybdenum 
A molybdenum rod  was c o a t e d  w i t h  Rokide "C", 
i n s t r u m e n t e d  w i t h  chromei-aiunw; ~ ~ C ~ E G C G G ~ ~ Z S  f z r  t e m p e r a t u r e  measure- 
ment ,  and mounted on a r e f r a c t o r y  f i x t u r e  f o r  ex tended  o p e r a t i o n  a t  
t e m p e r a t u r e s  of 600 C .  F i g u r e  3 - 4  i s  a s k e t c h  of c o a t i n g  specimen 
showing t h e  c o a t e d  and uncoated p o r t i o n s  and t h e  thermocouple  l o c a -  
t i o n s .  Measurements of t h e  r o d  d i ame te r  were t a k e n  b e f o r e  plasma 
s p r a y i n g  and were compared w i t h  t h e  measurements of t h e  r o d  d i a m e t e r  
0 
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a f t e r  plasma s p r a y i n g  t o  de t e rmine  t h e  Rokide t h i c k n e s s .  The t h i c k n e s s  
of Rokide was determined t o  be 0.0025 f 0 . 0 0 5  i n c h .  To p r o v i d e  a r e p r o -  
d u c i b l e  c o a t i n g  s c h e d u l e ,  c l o s e  documentation of t h e  plasma s p r a y i n g  
p rocedure  was m a i n t a i n e d .  
0 The sample was h e a t e d  t o  600 C by e l e c t r o n  
-8 bombardment i n  a vac - ion  pumped environment of lower than  5 x 1 0  
mm Hg f o r  500 h o u r s .  The p h y s i c a l  appea rance  of t he  c o a t i n g  d i d  no t  
change d u r i n g  t h i s  p e r i o d  of t i m e .  T h e r e  was no p e e l i n g ,  b l i s t e r i n g ,  
o r  c r a c k i n g  of t h e  Rokide even though a number of r a p i d  the rma l  c y c l e s  
( g r e a t e r  t h a n  30) occur red  du r ing  t e s t .  F i g u r e  3 - 5  i s  a photograph 
of t h e  sample a f t e r  t e s t .  Ceramic-sheathed c o u p l e s  f a c i n g  t h e  Rokide 
showed no ev idence  of  d i s c o l o r a t i o n  which would be  i n d i c a t i v e  of c o a t -  
i ng  d e t e r i o r a t i o n .  The e l e c t r o n  banbardment i n p u t  power remained con-  
s t a n t  ( a s  d i d  t h e  sample t empera tu re  d i s t r i b u t i o n )  d u r i n g  t h e  500 h o u r s  
of o p e r a t i o n .  
The b e l l  j a r  used f o r  t h i s  t e s t  was c a l i b r a t e d  
a g a i n s t  a s t a n d a r d  t u n g s t e n  r ibbon  f i l a m e n t  lamp b e f o r e  any  t e s t i n g  of 
t h e  sample.  It was a g a i n  c a l i b r a t e d  a t  220 hour s  and a g a i n  a t  492 h o u r s .  
T h i s  was done t o  determine what i n c r e a s e  i n  l i g h t  t r a n s m i s s i o n  l o s s e s  
c o u l d  b e  expec ted  due t o  prolonged p e r i o d s  of t e s t i n g .  A f t e r  500 h o u r s  
of o p e r a t i o n ,  t h e r e  was on ly  a s l i g h t l y  n o t i c e a b l e  c o a t i n g  on t h e  t e s t  
b e l l  j a r .  T a b l e  3 - 1  shows t h e  i n c r e a s e  i n  t r a n s m i s s i o n  l o s s e s  a t  t h r e e  
d i f f e r e n t  times dur ing  t h e  t e s t  r u n .  There i s  no ev idence  t h a t  t h e  
s l i g h t  j a r  d i s c o l o r a t i o n  was due t o  h e a t i n g  o f  t h e  Rokide sample .  I n  
f a c t ,  i t  may have been caused by t h e  e v o l u t i o n  of m a t e r i a l  from sane  
o f  t h e  s t a i n l e s s  s t e e l  f i t t i n g s  i n s i d e  t h e  b e l l  j a r ,  which no rma l ly  
0 -----e.. uyc .aLb zt 2"=3K! c d e r i n n  + p e t  
0 - - -  
3 . 2 . 1 . 2  Rokide "C" E m i s s i v i t y  ( T o t a l )  Measurements 
The Rckide e m i s s i v i t y  was o b t a i n e d  from 
p e r i o d i c  cool-dawn c u r v e s  which were t a k e n  du r ing  t h e  500-hour s t a -  
b i l i t y  i n v e s t i g a t i o n .  Using handbook d a t a  f o r  t h e  s p e c i f i c  h e a t  o f  
molybdenum, and c o r r e c t i n g  f o r  the a r e a  n o t  c o a t e d  w i t h  Rokide,  t h e  
6952-4-1 3 -9 
FIG. 3-5 ROKIDE "C"-COATED MOLYBDENUN SAW-& MTZZ 500 
HOURS OF OPERATTON (Note: the alumina tubes 
facing the Rokide coating are not discolored) 
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I n c r e a s e  i n  T ransmiss ion  Loss  
(Bell-Jar Surrounding S t d .  Lamp) 
l0OO0C 16OO0C 17 OO°C 
ooc ooc ooc 
3 OC 1 ooc 1 ooc 
4 OC 15OC 1 9 O C  
TABLE 3-1 
BELL-JAR TRANSMISSION LOSS AS A FUNCTION OF TEST TIME 
DURING ROKIDE "C" STABILITY EXPERIMENT 
Test Time 
(Hour s ) 
0 h o u r s  
210 hours 
492 ( f i n a l )  
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e m i s s i v i t y  may be c a l c u l a t e d  from t h e  t e m p e r a t u r e  and t i m e  measurements 
du r ing  cool-down. 
The h e a t  b a l a n c e  i s  e s t a b l i s h e d  a s  f o l l o w s :  
The h e a t  l o s t  by r a d i a t i o n  m u s t  be equal  t o  t h e  change i n  h e a t  ene rgy  
of t h e  sample,  t h a t  i s :  
4 AT aauT = -mC - 
P A t  
where : a = r a d i a t i n g  area i n  squa re  c e n t i m e t e r s  
= e m i s s i v i t y  of  t h e  r a d i a t i n g  s u r f a c e  
- 2  0 - 4  -1 u = Stefan-Boltzmann c o n s t a n t ,  1 . 3 5 4  x c a l  c m  K s e c  
T = r a d i a t i n g  t e m p e r a t u r e ,  d e g r e e s  Ke lv in  
m = mass of sample i n  grams 
P 
-1 oK-l  C = s p e c i f i c  h e a t  c o n s t a n t  i n  c a l  gm 
AT = change i n  t empera tu re  i n  d e g r e e s  Kelvin 
A t  = change i n  t ime  i n  seconds 
4 For t h i s  i n v e s t i g a t i o n ,  aaoT must be  s e p -  
a r a t e d  i n t o  t h e  sum of two r a d i a t i n g  l o s s e s ,  one f r a n  t h e  molybdenum 
s u r f a c e  and one f r a n  t h e  Rokide s u r f a c e .  The e m i s s i v i t y  of  t h e  Rokide 
s u r  f a c e  i s  t h e n  e x p r e s s e d  a s  : 
4 
<Am smrnm) AT -mC - - p A t  
4 a =  R 
A ~ a T ~  
The cool-down c u r v e s  of t h e  Rokide-molybdenum 
sample a r e  shown i n  F i g .  3-6. The i d e n t i c a l  c h a r a c t e r  of t h e  i n i t i a l  
and f i n a l  cool-down c u r v e s  i s  f u r t h e r  ev idence  of t h e  c o a t i n g  s t a b i l i t y .  
The t e c h n i q u e  vf o b t a i n i n g  t h e  c o o l i n g  c u r v e s  i s  as f ~ l l m s :  
s t e a d y - s t a t e  t e m p e r a t u r e  of  tk sample i s  a c h i e v e d ,  ( 2 )  a l l  power i n -  
p u t  is immediately c u t - o f f ,  (3 )  the t i m e - v e r s u s - t e m p e r a t u r e  c u r v e  i s  
a u t o m a t i c a l l y  r eco rded  by a s e n s i t i v e  X-Y p l o t t e r  o r  s t r i p  c h a r t  
r e c o r d e r .  Wi th in  8 seconds t h e  t empera tu re  of t h e  unRokided p o r t i o n  
(1 )  a 
3-12 
I . -  
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(T,) and t h e  Rokided p o r t i o n  (T ) a r e  w i t h i n  thermocouple e r r o r  and 
consequen t ly  a r e  a s s i g n e d  t h e  same value (647 K )  f o r  t h e  c a l c u l a t i o n s .  
From cool-down d a t a  such  a s  shown i n  F i g .  3 - 6 ,  t h e  v a l u e  f o r  t h e  emis-  




where : A t  = t, - t ,  = 480 s e c  - 280 s e c  = 200 s e c  
T4 1: T 4  ~ ~ ( 6 4 3 ' ~ ) ~  
C = 0.065 c a l - g m  K 
ave -1 0 -1 
P 
c = 0 . 2  
Am, m, A 
m 
a r e  measured q u a n t i t i e s  r 
17.65 - 1 .65  o.79 
6 =  
R 20.2 
T h i s  method of approx ima t ion  l e a d s  t o  a s m a l l  
e r r o r  s i n c e  o n l y  ave rage  v a l u e s  f o r  t h e  t e m p e r a t u r e  a r e  used .  
exact s o l u t i o n  i s  a s  follows: 
A more 
- 
I f  dT ) J d t = $  - 4 t f  -mC (ARokC Rok -k A ~ o c m o  
t i  Ti 
Cp f ( T )  a good assumption ove r  t e m p e r a t u r e  r ange  of 
a n a l y s i s  (Ref .  2 )  
a good assumption over  t empera tu re  range of 
a n a l y s i s  (Ref .  2 )  





(ARER + C A ) ( t ,  - t i> [+ - -1 mo m o .  
L I 
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From t h e  d a t a  i n  F i g .  3 - 6 :  
t f  = 480 s e c  
t i  = 60 s e c  
mo 
E = 0 .2  (Ref .  2 )  
T f  = 633'K 
T i  = 803'K 
0.066 + 986 x -
K 1 
0 
(88 cm2c + (0.2)(36)cm2}(480 - 60) = 
R L3) (1.354)  ( '( 633°K)3 - (803OK) 
9 3  
cmLdeg-)sec 
2 2 +65 cm s e c  deg (88 cm2eR + 7 . 2  cm ) 420 s e c  = 
4.062 x 
3 3 1 2  36.9 x 10 eRok + 3.002 x 10  = (+16 x 1 0  ) (+2 x IO-') 
3'"02 0.787 32 = E - - - =  
R 36 .9  36.9 
4 = 0.787 or 0 .79 
R 
The e x c e l l e n t  agreement between t h e  two v a l u e s  
of Rokide e m i s s i v i t y  a r r i v e d  a t  by two d i f f e r e n t  c a l c u l a t i o n  r o u t e s  i n -  
d i c a t e s  t h a t  e i t h e r  t h e  approximate method or t h e  e x a c t  method of emis- 
s i v i t y  c a l c u l a t i o n  w i l l  g i v e  t h e  c o r r e c t  r e s u l t .  A f i n a l  computat ion 
may be conducted which e l i m i n a t e s  t h e  assumption t h a t  t h e  e m i s s i v i t y  
of molybdenum i s  0 . 2 .  Consider  a " s l a b "  of Rokided r o d  i n  t h e  midd le  
of t h e  sample; compute the  mass knowing t h e  d e n s i t y  and dimensions of 
t h e  s l a b .  T h i s  c a n p u t a t i o n  i s  w i k h i r i  0 . 5  ^,crce?.t s i x e  the  sample was 
machined t o  w i t h i n  0 . 3  m i l  t o l e r a n c e s .  The a n a l y s i s  t hen  p roceeds  i n  
a manner s i m i l a r  t o  t h e  e x a c t  s o l u t i o n ,  excep t  t h a t  t h e r e  is no  term 
e x p r e s s i n g  h e a t  l o s s  from t h e  unRokided p o r t i o n  of t h e  sample.  A v a l u e  
of 0 .78  i s  o b t a i n e d .  
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The ''measured" Rokidc e m i s s i v i t y  v a l u e  found 
i n  t h e  p r e s e n t  expt,rimc>nts i s  t o  b e  compart2d w i t h  t h e  l i t e r a t u r e  valric 
of  0 .85  t o  0 . 9 3  f o r  t he  t o t a l  e m i s s i v i t y  a t  500 C and 1000 C ,  r e s p e c -  
t i v e l y .  I f  t h e  p r e s e n t  Rokide "C" e m i s s i v i t y  v a l u e s  a r e  c o r r e c t ,  a n  
i n c r e a s e  i n  r a d i a t o r  a r e a  o f  app rox ima te ly  13 p e r c e n t  i s  r e q u i r e d  i n  
p r a c t i c e  t o  g i v e  t h e  same h e a t  r e j e c t i o n  a s  t h a t  computed u s i n g  t h e  
l i t e r a t u r e  d a t a  f o r  Rnkide "C" e m i s s i v i t y .  
0 o 
3 . 2 . 1 . 3  Rokide "C" Coated Molybdenum v e r s u s  Rokide 
"C"  Coated Copper 
A copper  rod,  having  d imens ions  s i m i l a r  t o  
t h o s e  of t h e  molybdenum r o d  j u s t  d e s c r i b e d ,  was c o a t e d  w i t h  Rokide 
"C",  u s i n g  t h e  same p r o c e s s  schedu le  and a c h i e v i n g  t h e  same c o a t i n g  
t h i c k n e s s .  The sample was in s t rumen ted  w i t h  thermocouples ,  p l a c e d  
i n  a vac - ion  pumped t e s t  chamber, and h e a t e d  by e l e c t r o n  banbardment 
t o  de t e rmine  t h e  Rok ide -coa t ing  e m i s s i v i t y  and s t a b i l i t y  f o r  500 hour s  
of o p e r a t i o n .  I n i t i a l  and f i n a l  cool-down c u r v e s  shown i n  F i g .  3 - 7  
were a n a l y z e d  i n  t h e  same manner a s  j u s t  d e s c r i b e d  f o r  t h e  Rokide-  
molybdenum c u r v e s .  The v a l u e  f o r  Rokide "C" on copper  i s  i d e n t i c a l  
t o  t h a t  of Rokide "C" on molybdenum ( i . e . ,  c 0 . 7 8 ) .  
8 1  ucaL,d,L,,.. 2 - - __ -  e: ,," cf t h e  c r > a t i n g  on copper  
0 
o c c u r r e d  over  an  ex tended  t e s t  pe r iod  of 500 hour s  o p e r a t i o n  a t  600 C .  
The sample was r a p i d l y  thermal  cyc led  some 30 t imes  d u r i n g  t e s t ;  how- 
e v e r ,  no s c a l i n g ,  b l i s t e r i n g ,  c r a c k i n g ,  o r  p e e l i n g  o c c u r r e d .  More- 
ove r ,  t h e  i n v a r i a n c e  o f  t h e  cool-down c u r v e s  ove r  t h e  500-hour  p e r i o d  
a t t e s t s t o  t h e  c o a t i n g  s t a b i l i t y .  A s l i g h t  haze ,  s i m i l a r  t o  t h a t  which 
appea red  d u r i n g  t h e  Rokide-molybdenum expe r imen t ,  formed on t h e  b e l l - j a r  
s u r f a c e ,  which  r e s u l t e d  i n  a t r a n s m i s s i o n  l o s s  of t h e  same o r d e r .  
To insure t h a t  t h e  c o a t i n g  t h i c k n e s s  of 2 . 5  
t o  3 . 0  m i l s  was adequa te  f o r  a c h i e v i n g  t h e  maximum e m i s s i v i t y  v a l u e  of 
Rokide " C " ,  t h e  molybdenum sample was s t r i p p e d  of thermocouples  and 
r e s p r a y e d  u s i n g  t h e  same p rocess  schedu le  f o r  an  o v e r a l l  c o a t i n g  
t h i c k n e s s  of 7 m i l s .  New coup les  were a t t a c h e d  and t h e  r e s u l t i n g  
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sample was o p e r a t e d  a g a i n  a t  600 C. The i d e n t i c a l  n a t u r e  of  t h e  c o a t -  
i n g s  a r e  b e s t  d e s c r i b e d  a s  follows. 
1. The i d e n t i c a l  sample t empera tu re  d i s t r i b u t i o n  was measured f o r  
t h e  i d e n t i c a l  power i npu t  ( f i l a m e n t  p l u s  bombardment). 
2 .  An i d e n t i c a l  cool-dawn c u r v e ,  p o i n t  f o r  p o i n t ,  was measured 
along t h e ,  e n t i r e  t ime a x i s .  
3 . 2 . 2  R a d i a t o r  F i n  Ana lys i s  
S e v e r a l  t y p e s  of  r a d i a t i n g  f i n s  have been used t o  
r e j e c t  h e a t  from o p e r a t i n g  the rmion ic  c o n v e r t e r s .  F i g u r e  3-8  d i s p l a y s  
s a n e  e l emen ta ry  forms of t h e s e  r a d i a t o r s .  The c i r c u l a r  p l a t e  and 
c y l i n d r i c a l  segment r e q u i r e  major  v i e w - f a c t o r  c o r r e c t i o n s  e i t h e r  from 
t h e  c o n v e r t e r  p rope r  o r  t h e  f i n  i t se l f  and f o r  t h i s  r e a s o n  a r e  no t  
g i v e n  t r e a t m e n t  i n  t h i s  s t u d y .  For a s e l e c t e d  m a t e r i a l  and we igh t  
l i m i t a t i o n ,  t h e  t a p e r e d  p l a t e s  of  t r a p e z o i d a l  o r  t r i a n g u l a r  shape  a r e  
t h e  m o s t d e f f i c i e n t .  It has  been demonstrated ( R e f s .  3 and 4 )  t h a t  i n  
c o n v e c t i o n  media,  t h e  maximum h e a t  r e j e c t i o n  per u n i t  we igh t  o c c u r s  
when t h e  t e m p e r a t u r e  g r a d i e n t  i s  l i n e a r  a long  t h e  l e n g t h  of t h e  f i n .  
MacKay i n d i c a t e s  i t  i s  r e a s o n a b l e  t o  e x t r a p o l a t e  t h i s  t o  t h e  c a s e  a t  
hand, i . e . ,  r a d i a n t  h e a t  t r a n s f e r .  T h e r e f o r e ,  t h e  f o l l o w i n g  a n a l y s i s  
i s  c o n f i n e d  t o  t h e  c o n s t a n t  t e m p e r a t u r e - g r a d i e n t  f i n  which is p n y s r c a i i y  
t a p e r e d  b u t  i n  a nonuniform manner.  
F i g u r e  3 - 9  is  a s k e t c h  of  t h e  dimensional  r e l a t i o n s h i p s  
f o r  t h e  c o n s t a n t  t e m p e r a t u r e - g r a d i e n t  f i n .  The a s sumpt ions  i n  t h i s  
a n a l y s i s  are:  (1) t h e  i n p u t  h e a t  t o  t h e  f i n  i s  a c r o s s  t h e  e n t i r e  c r o s s  
s e c t i o n  of t h e  h o t t e s t  edge ( 2 )  t h e  f i n  t i p  i s  z e r o  t h i c k n e s s .  I n  
r e a l i t y ,  t h e  h e a t  i n p u t  f r a n  t h e  c o l l e c t o r  t o  t h e  r a d i a t o r  i s  concen- 
t r a t e d  a t  the c e n t e r  of t h e  r a d i a t o r ' s  h o t t e s t  edge  which c a u s e s  t h e  
h e a t  f l u x  l i n e s  t o  s p r e a d  w i t h i n  t h e  r a d i a t o r .  An a n a l y s i s  t a k i n g  t h i s  
i n t o  accoun t  would be extremely complex. Hence, it is approximated 
tha t  h e a t - i n p u t  t o  t h e  r a d i a t o r  i s  uniform a c r o s s  t h e  h o t t e s t  edge.  
The f i n  t i p  is o b v i o u s l y  n o t  zero i n  t h e  p r a c t i c a l  c o n f i g u r a t i o n .  I n  
f a c t ,  some nominal t h i c k n e s s  i s  d e s i r a b l e  from a mechanical  s t r e n g t h  
s t a n d p o i n t  . 
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Proceeding w i t h  t h e  a n a l y s i s ,  t h e  amount o f  h e a t . c o n -  
duc ted  th rough  a s e c t i o n  o f  t h e  f i n  a t  r i g h t  a n g l e s  t o  t h e  h e a t  f l u x  
i s  : 
dT 
qc = - khW = 
I f  a t r u l y  c o n s t a n t  t e m p e r a t u r e  g r a d i e n t  i s  r e q u i r e d ,  t h e n  t h e  tempera- 
t u r e ,  T e ,  a t  any s e l e c t e d  element ,  may be o b t a i n e d  f r a n  t h e  s t r a i g h t  
l i n e  e q u a t i o n ,  y = m x  + b .  T h e r e f o r e ,  
Te - (T2 L- 0 5) 1 + T 1  
where T i s  t h e  t e m p e r a t u r e  o f  the c o l l e c t o r  r o o t ,  T i s  t h e  tempera- 
t u r e  of t h e  f i n  t i p ,  L i s  t h e  l e n g t h  f r a n  r o o t  t o  t i p ,  and I i s  t h e  
p o s i t i o n  of t h e  s e l e c t e d  e l e m e n t .  D i f f e r e n t i a t i n g  t h i s  e x p r e s s i o n  
w i t h  r e s p e c t  t o  p o s i t i o n  y i e l d s  
2 1 
dTe T2 - T1 
di? L 
- =  
which may be s u b s t i t u t e d  i n t o  the h e a t  f l u x  e q u a t i o n :  
The h e a t  r a d i a t e d  from b o t h  s i d e s  of t h e  f i n  between t h e  e l e m e n t a l  
s e c t i o n  and t h e  t i p  i s  e q u a l  t o  t h i s  q u a n t i t y ,  o r ,  
- 
-qc - 4, 
The h e a t  l o s t  from t h e  e l e m e n t a l  a r e a  i n  F i g .  3 - 6  i s  
(20) 4 = (2hda -t 2Wdl) CeTe dqr  
where € is t h e  e m i s s i v i t y  of t h e  r a d i a t i n g  element and u i s  t h e  S t e f a n -  
Boltzmann c o n s t a n t .  
I n t e g r a t i n g  t h e  l a s t  e x p r e s s i o n  over  t h e  s u r f a c e  a r e a  
from t h e  element under c o n s i d e r a t i o n  t o  t h e  fin t i p  and r e p l a c i n g  d l  
by t h e  f u n c t i o n a l  r e l a t i o n s h i p  e s t a b l i s h e d  between p o s i t i o n  and tem- 





The e x p l i c i t  f u n c t i o n a l  r e l a t i o n s h i p  between h and T a r e  not  known; 
however, t h e  h e a t  l o s t  from t h e  a r e a  2hdk << 2WdC and t h e  c a l c u l a t i o n  
may proceed w i t h i n  5 p e r c e n t  e r r o r .  
e 
s i n c e  q = -9, r 
So lv ing  f o r  t h e  f i n  t h i c k n e s s :  
( 2 2 )  
however, t h e  element t empera tu re  T e  may be r e w r i t t e n  i n  terms of t h e  
L and t h e  p o s i t i o n  v a r i a b l e ,  A ;  s o  tha t  t h e  f i n  2’  T1’ boundary v a l u e s  T 
t h i c k n e s s ,  h ,  may be computed f o r  a s e l e c t e d  c o l l e c t o r  r o o t  and f i n  
t i ?  tm?prature a t  anv g iven  p o s i t i o n  a long  t h e  f i n .  The f i n a l  r e s u l t  
a f t e r  a l g e b r a i c  man ipu la t ion  i s :  
5 7 2 acL 2 {T1 + I (T2 - T1)] - T:} 
h =  n (23) 
Applying t h i s  a n a l y s i s  t o  a problem of p r a c t i c a l  s i g -  
n i f i c a n c e ,  assume t h a t  a f o r g i n g  d i e  f o r  a c o n s t a n t  t e m p e r a t u r e - g r a d i e n t  
r a d i a t o r  i s  t o  be designed along the l i n e s  of t h e  EOS produc t ion  con- 
v e r t e r .  Assume f u r t h e r ,  t h a t  t h e  r a d i a t o r  m a t e r i a l  i s  molybdenum w i t h  
a n  emis s ive  c o a t i n g  of  ,Rokide (C = 0.78) and t h a t  the  approximate f i n  
l e n g t h  and w i d t h  dimensions a r e  2-114 i n c h  by 2 i n c h e s .  The c o l l e c t o r  
r o o t  t h i c k n e s s  i s  d e s i r e d  a s  a s t a r t i n g  p o i n t  f o r  t h e  d i e  d e s i g n .  The 
f o l l o w i n g  d a t a  i s  l i s t e d  f o r  t h e  computation: 
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= = 6OO0C 
- = 520°C 
T2 T c o ~ l .  r o o t  
T1 - T f i n  t i p  
I: c 
L = 2-1 /4  i n c h e s ,  however the d i s t a n c e  from t h e  f i n  t i p  thermocouple 
t o  t h e  c o l l e c t o r  r o o t  thermocouple i s  1-314 i n c h e s .  
A = i n  t h i s  c a s e  = L = 1-314 i n c h e s  
W = 2 i n c h e s  
u = 5 .67  ~ 1 1 0 - l ~  w a t t s l c m  . 
8 = 0 .78  ( t h e  e m i s s i v i t y  of Rokide)  
k = 1 . 0 8  watts/cm2e0K ( thermal  c o n d u c t i v i t y  of molybdenum i n  t h e  
2 oK4 
0 t empera tu re  r ange  of 600 C )  
5 
- 2 x 5.67 x x 0.78 x (1-3/4 i n )  2 x 6 . 4 5  (c793 + (8O)] - 7 9 3 3  5 h =  .l 
A dimensional  a n a l y s i s  f o r  
3 
1 . 0 7  (873 - 793)' 
h i s  a s  f o l l o w s :  
2 cmL OK5 i n  
i n  w a t t s  in -x - x -  w a t t s  
0 i n  c m  ( i n d i c a t i n g  t h a t  t he 
= = cm, t h e  u n i t s  -.-e&.. 
OK 
2 oK4 cm i n  
w a L C o  w a t t s  i n  o 
cm- K 
x - x  K 
f i n a l  answer i s  dimen- 
s i o n a l l y  c o r r e c t ) .  
h = 0 .99  cm o r  0 .39 i n  
The EOS produc t ion  p r o t o t y p e  c o n v e r t e r s  measure 0 .6  
i n c h  t h i c k  a t  t h e  p o i n t  where the c o l l e c t o r  r o o t  t e m p e r a t u r e  is mea- 
s u r e d .  The r o o t ,  however, i s  not of c o n s t a n t  t h i c k n e s s  and  t a p e r s  t o  
114 i n c h  a t  t h e  edge .  
compared t o  0 .39 i n c h  via t h e  a n a l y s i s ,  which is good f o r  a f i r s t  
o r d e r  s o l u t i o n  w i t h  t h e  c o n t i n g e n t  a s sumpt ions  l i s t e d  a t  t h e  beg inn ing  
of t h e  a n a l y s i s .  
The average t h i c k n e s s  is n e a r  0.45 i n c h ,  a s  
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1 -  
O t h e r  r e l a t i o n s h i p s  may be e s t a b l i s h e d  from t h e  a n a l -  
y s i s .  For example, t h e  h e a t  t r a n s f e r  r a t e  from the  e n t i r e  r a d i a t o r  
i s  o b t a i n e d  by i n t e g r a t i n g  t h e  t empera tu re  ove r  t h e  l i m i t s  of  t h e  
h o t t e s t  and c o l d e s t  edges ( i . e . ,  T and T1),  s o  t h a t  2 
4 
e T2 (h + W )  aeT L 
dT e T2 - Tl 
Q r = 2 S  
T1 
where W >> h , * t h e  i n t e g r a l  is e v a l u a t e d  a s  
Cons ide r ing  t h e  p r o d u c t i o n  p r o t o t y p e  c o n v e r t e r ,  t h e  h e a t  r a d i a t e d  i s  
s l i g h t l y  more than  100 w a t t s .  Add t o  t h i s  t h e  e l e c t r i c a l  l e a d  s t r a p  
c o n d u c t i o n  of h e a t  (copper  b r a i d  o r  l amina ted  copper  s t r a p s )  and t h e  
t o t a l  of  120 w a t t s  is w i t h i n  10 pe rcen t  of t h e  canputed v a l u e s  of 
c o l l e c t o r  h e a t  i n p u t  f o r  t h e  p roduc t ion  c o n v e r t e r .  
F i n a l l y ,  Eq. 25 may be  s i m p l i f i e d  i n t o  a forrr t h a t  
a p p e a l s  t o  p h y s i c a l  i n t u i t i o n  by reducing t h e  e x p r e s s i o n  
5 T: - T1 
T2 - T1 
4 t o  one of  T dependence p l u s  lower o r d e r  po lynomina l s .  
t o  the f a m i l i a r  Stephen r a d i a t i o n  law w i t h  an a s s o r t m e n t  o f  terms a c -  
c o u n t i n g  f o r  t h e  c o n s t a n t - t e m p e r a t u r e  g r a d i e n t  of t h e  f i n  which r e d u c e s  
t h e  o v e r a l l  h e a t  t r a n s f e r  r a t e  f r a n  t h a t  of a c o n s t a n t  t e m p e r a t u r e  
p l a t e .  
Qr  t h e n  r e v e r t s  
3.2 . 3  Non- I n t  e g r a  1 C o l l e c t  or -Ra d i a  t o r  
The EOS produc t ion  p r o t o t y p e  c o n v e r t e r  c o n t a i n s  a n  
i n t e g r a l  c o l l e c t o r - r a d i a t o r  which is d i e  fo rged  from molybdenum b a r  
s t o c k .  The major  advan tages  of the molybdenum i n t e g r a l  c o l l e c t o r -  
r a d i a t o r  a r e :  (1) a con t inuous  heat  t r a n s f e r  p a t h  unimpaired by any  
6952-Q- 1 3-24  
b r a z e  i n t e r f a c e  or t he rma l  impedances ( 2 )  a mass -p roduc t ion  t e c h n i q u e  
f o r  f a b r i c a t i o n ,  and ( 3 )  a mechan ica l ly  s t r o n g  h i g h - t e m p e r a t u r e  s t r u c -  
t u r a l  member. The d i sadvan tage  i s  lower s p e c i f i c  performance s i n c e  
o t h e r  m a t e r i a l s ,  such  a s  coppe r ,  due t o  t h e i r  h i g h e r  t he rma l  conduc- 
t i v i t y  l e a d  t o  reduced weight  for  e q u i v a l e n t  c o n v e r t e r  t he rma l  power 
t r a n s f e r .  
An i n v e s t i g a t i o n  h a s  been i n i t i a t e d  which w i l l  s t u d y  
t h e  problems of r e l i a b l y  bonding a molybdenum c o l l e c t o r  t o  a copper 
r a d i a t o r  f o r  u s e  under thermal  c y c l i n g  c o n d i t i o n s .  The p a r t s  shown 
i n  F i g . 3 - 1 0  were s e l e c t e d  t o  e v a l u a t e  a b r a z e  j o i n t  d e s i g n  which cap-  
t i v a t e s  t h e  copper  r a d i a t i n g  f i n  so  t h a t  t h e  thermal  expansion m i s -  
match keeps t h e  p a r t s  i n  compression.  Shim-stock Nio ro  b r a z e  m a t e r i a l  
( 8 2  p e r c e n t  g o l d  - 18 p e r c e n t  n i c k e l )  0.002 i n c h  t h i c k  was i n s e r t e d  
i n  t h e  s l o t  on e i t h e r  s i d e  of t he  c o p p e r .  Nioro wire  (of  0.030 i n c h  
d i a m e t e r )  was p l a c e d  a t  t h e  copper-molybdenum i n t e r s e c t i o n  on e i t h e r  
s i d e  of  t h e  f i n .  The assembly was vacuum brazed  a t  925 C ,  t h e  m e l t i n g  
p o i n t  o f  N io ro .  T h i s  r e s u l t e d  i n  a b r a z e  f i l l e t  t h a t  c o n t a i n e d  no  
v o i d s  o r  c r a c k s .  A s  i n d i c a t e d  i n  t h e  s k e t c h ,  t h e  assembly i s  nomina l ly  
c o n v e r t e r  s i z e  t o  pe rmi t  s i m u l a t i o n  of t he rma l  f l u x e s  through t h e  bonded 
a r e a  on t h e  o r d e r  of 200 t o  250 w a t t s .  
w i l l  be Rokided t o  p r o v i d e  ample h e a t  d i s s i p a t i o n  f o r  t h e  expe r imen t .  
The molybdenum p o r t i o n  of t h e  assembly i s  a n  i n t e g r a l l y  fo rged  p a r t  i n  
which t h e  mounting h o l e s  and braze j o i n t  a r e  machined.  
0 
I\ 
Over 100 cmL of copper  r a d i a t o r  
The assembly w i l l  be  mounted i n  a vacuum b e l l  j a r  and 
h e a t e d  i n d i r e c t l y  a t  t h e  c o l l e c t o r  end by e l e c t r o n  b m b a r d m e n t .  Thermo- 
c o u p l e s  w i l l  be a t t a c h e d  t o  e i t h e r  s i d e  of  t h e  b r a z e  i n t e r f a c e  t o  measure 
t h e  t empera tu re  drop a c r o s s  t& j cLzt  f ~ r  vario1us thermal  l o a d s .  
A f t e r  determining t h e  i n i  t i a  1 the rma l  c h a r a c t e r i s t i c s  
of  t h e  assembly,  i t  w i l l  be s u b j e c t e d  t o  a t  l e a s t  100 thermal  c y c l e s  
and r e - e v a l u a t e d .  
c o l l e c t o r  r o o t  t e m p e r a t u r e ) ,  and t h e  lower l i m i t  of t h e  c y c l e  w i l l  be 
200 C, s i n c e  t h e  t i m e  t o  r each  lower t e m p e r a t u r e s  by r a d i a t i o n  c o o l i n g  
The upper l i m i t  of t h e  c y c l e  w i l l  be 6OO0C ( a  common 
0 
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FIG. 3-10 NONINTEGRAL COLLECTOR-RADIATOR ASSEMBLY 




becomes e x c e s s i v e .  The c y c l i n g  t e s t  s h o u l d  a l s o  p rov ide  a f u r t h e r  
e v a l u a t i o n  of t h e  Rokide-copper s y s t e m  under s e v e r e  thermal  c y c l i n g  
c o n d i t i o n s .  
The the rma l  expansion mismatch between molybdenum 
0 and copper  i n  t h e  t empera tu re  range of 600 C i s  s e v e r e .  However, t h e  
j o i n t  geometry p u r p o s e l y  e n c a p s u l a t e s  t h e  h i g h e r  expans ion  member 
( coppe r )  w i t h  t h e  lower expansion member (molybdenum). T h i s  scheme 
appea red  t o  p rov ide  a good bonding i n  t h e  composi te  c o l l e c t o r  geom- 
e t r y  and shou ld  produce s i m i l a r  r e s u l t s  f o r  t h i s  a p p l i c a t i o n  a l t h o u g h  
t h e r e  i s  no expans ion  c o n s t r a i n t  on t h e  coppe r  a l o n g  t h e  f i n  t o p .  
A f t e r  t h e  t e s t  i s  conc luded ,  t h e  bond between t h e  
copper  and molybdenum w i l l  be m e t a l l u r g i c a l l y  examined. 
3 . 3  Conver t e r  F a b r i c a t i o n  I n v e s t i g a t i o n  
3 . 3 . 1  High-Temperature B r a z i n g  
I n  high-performance c o n v e r t e r s ,  t h e r e  a r e  two t y p e s  
of  m a t e r i a l s  j o i n i n g  t h a t  r e q u i r e  s p e c i a l  c o n s i d e r a t i o n .  The f i r s t  
i s  bonding rhenium w a f e r s  or s h e e t  s t o c k  t o  a molybdenum s u b s t r a t e  t o  
o b t a i n  economica l ly  a low-cesiated-work-function c o l l e c t o r  s u r f a c e .  
The second is  bonding a rhenium enve iupe  (uclded tc! P r h e n i u m  e m i t t e r )  
t o  t h e  niobium s e a l i n g  f l a n g e  and emi t te r  l e a d  s t r a p  t o  form a 
minimum-resis tance e l e c t r i c a l  pa th  w h i l e  r e t a i n i n g  vacuum i n t e g r i t y  
through thermal  c y c l i n g .  Both bonds a r e  l o c a t e d  i n  r e g i o n s  o f  a 
the rmion ic  c o n v e r t e r  t h a t  o p e r a t e  o v e r  700 C ( e s p e c i a l l y  t h e  
c o l l e c t o r )  and i n  a cesium vapor environment  of from 3 t o  15 mm Hg, 
which s e v e r e l y  l i m i t s  t h e  cho ice  o f  b r a z e  m a t e r i a l s .  Moreover,  
~?.aLLcz  f n r r?~  e i t h e r  low-melt ing-point  e u t e c t i c s  o r  b r i t t l e  i n t e r -  
m e t a l l i c  compounds w i t h  most m a t e r i a l s .  H i g h - p u r i t y  (99.9 p e r c e n t )  
vanadium was s e l e c t e d  a s  a b raze  m a t e r i a l  t o  i n v e s t i g a t e  t h e  j o i n i n g  
o f  rhenium t o  m a t e r i a l s  such a s  niobium and molybdenum. Vanadium 
d i s p l a y s  no low-melt ing-point  e u t e c t i c  i n  t h e  rhenium system and 
t a k e s  o n l y  a moderate amount of rhenium i n t o  s o l u t i o n  a t  m e l t ;  h e n c e ,  
i t  r e t a i n s  r e a s o n a b l e  d u c t i l i t y .  
0 
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Two sample a s sembl i e s  of rhenium and niobium have 
been vacuum brazed  w i t h  99 .9  p e r c e n t  pure vanadium t o  e s t a b l i s h  the  
m a t e r i a l s  and c o n d i t i o n s  n e c e s s a r y  f o r  a f f e c t i n g  a d u c t i l e  j o i n t  
between rhenium enve lopes  and niobium s e a l i n g  f l a n g e s .  Both assem- 
b l i e s  were brazed  i n  s u s c e p t o r - c a n  environments  a t  1 x 10 mm Hg. 
One assembly was b razed  f o r  3 minutes  a t  1900 C ,  t h e  m e l t i n g  p o i n t  o f  
vanadium. The  o t h e r  assembly was brazed f o r  3 minu tes  a t  2150 C t o  
examine t h e  e f f e c t ,  i f  any ,  of o v e r b r a z i n g .  F igu re  3 -11  i s  a micro-  
photograph  o f  t h e  vanadium o v e r b r a z e  showing ev idence  of an u n d e s i r a b l e  
vo id  s t r u c t u r e  i n  t h e  vanadium and the fo rma t ion  o f  a vanadium-rhenium 
i n t e r f a c e .  F i g u r e  3-12 is a d e t a i l  of t h i s  i n t e r f a c e  which was t r a -  
v e r s e d  w i t h  a mic ro -ha rdness  t es te r  and was found t o  have a h a r d n e s s  
v a l u e  o f  g r e a t e r  t han  Rockwell "C" 60 as compared t o  a Rockwell  "C" 
2 7  f o r  t h e  rhenium. This degree  of ha rdness  s u g g e s t s  t h e  f o r m a t i o n  
of a n  i n t e r m e t a l l i c  compound a t  t h e  vanadium-rhenium i n t e r f a c e .  
F i g u r e  3-13 i s  a microphotograph o f  t h e  vanadium b r a z e  a t  1900 C ,  
which h a s  no vo id  s t r u c t u r e  o r  ev idence  o f  i n t e r m e t a l l i c  fo rma t ion .  
I n  a d d i t i o n ,  t h e  h a r d n e s s  v a l u e  of the b r a z e  a r e a  i s  20 Rockwell u n i t s  
less than  t h e  ove rb razed  sample. Both samples  i n d i c a t e  a h i g h - q u a l i t y  
bond a t  cne niw'uiuui i i i terfate ,  v h i c h  a g r e e s  wi th  m e t a l l u r g i c a l  i n f o r -  
ma t ion  t h a t  a con t inuous  s e r i e s  of s o l i d  s o l u t i o n s  a r e  formed from t h e  





Vanadium would, t h e r e f o r e ,  appea r  t o  be a s a t i s f a c t o r y  
b r a z e  m a t e r i a l  f o r  bonding rhenium t o  niobium. I t s  use  would appa r -  
e n t l y  resu l t  i n  minimum vo id  s t r u c t u r e  f o r  good e l e c t r i c a l  conduc t ion  
and h e a t  t r a n s f e r ,  a s  w e l l  a s  r easonab le  d u c t i l i t y  t o  s u p p o r t  thermal  
cyc 1 ing  . 
3 . 3 . 2  Heater-Wire End Sea l s  
Repeated d i f f i c u l t y  h a s  been expe r i enced  i n  t h e  connec-  
t i o n  o f  e l e c t r i c a l  l e a d s  t o  t h e  comon v a r i e t y  of shea thed  h e a t e r  wire 
used  t o  supply  h e a t  t o  t h e  cesium r e s e r v o i r  and r a d i a t o r  spade .  
s h e a t h e d  h e a t e r s  ( u s u a l l y  t a n t a l u m ,  a lumina ,  and t an ta lum c e n t e r  
The 
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FIG. 3-11 VANADIUM OVERBRAZE AT 215OOC OF 
RHENIUM TO NIOBIUM (XSOO) 





FIG, 3-12 DETAIL OF OVERBRAZED VANADIUM-RHENIUM 
INTERFACE (X lOOO)  
Ro 
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FIG.  3-13 VANADIUM BRAZE AT 1900°C OF RHENIUM 
TO NIOBIUM (XSOO) 
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conduc to r )  a r e  c la imed t o  be capab le  of e l e c t r i c a l  i n p u t s  of 50 - 100 
w a t t s / l i n e a r  i n c h .  The problem is t o  e f f i c i e n t l y  t r a n s f e r  10-20 
amperes by mechanica l  a t t achmen t  t o  a 0 , 0 6 0 - i n c h - d i a m e t e r  c e n t e r  con- 
d u c t o r .  Fu r the rmore ,  t h e r e  m u s t  be good h e a t  t r a n s f e r  from t h e  a r e a  
o f  c o n n e c t i o n ;  o t h e r w i s e ,  t h e  end of t h e  c e n t e r  conductor  o p e r a t e s  
a t  t empera tu res  which a r e  too high and may f a i l  due t o  e x c e s s i v e  
i n t e r a c t i o n  w i t h  the  alumina i n s u l a t i o n .  
F igu re  3 - 1 4  i s  a ske tch  of t h e  shea thed  h e a t e r  w i r e ,  
a ho l low f e e d t h r o u g h ,  and copper  i n s e r t s  assembled p r i o r  t o  f a b r i c a -  
t i o n .  A heavy-duty ,  s t a k e - o n  t o o l  i s  employed t o  mechan ica l ly  bond 
t h e  feedthrough t o  t h e  copper  i n s e r t s .  This mechanica l  bond was 
e v a l u a t e d  by a t t a c h i n g  two feedthroughs  t o  a brazed  h e a t e r  w i re  assem- 
b l y  on a c o n v e r t e r  r a d i a t o r  and pass ing  15 amperes through t h e  assem- 
b l y  f o r  a p e r i o d  o f  100 hour s .  The end s e a l s  were t h e n  s u b j e c t e d  t o  
200 c y c l e s  of peak c u r r e n t  load a t  20 amperes wi th  a v o l t a g e  drop of 
6 .2  v o l t s  a c r o s s  t h e  e n d - s e a l  connec t ions .  The h e a t e r  w i re  and end 
s e a l  remained o p e r a t i v e  wi thou t  d i s c o n n e c t i o n ,  bu rn th rough ,  o r  d e g r a -  
d a t i o n  of any type .  The t e s t i n g  o f  t h i s  assembly r e p r e s e n t s  a f a r  
m r e  s e v e r e  c a s e  t h a n  would be encountered  i n  c o n v e r t e r  performance 
t e s t s ,  er;d t h e  L . P S I I ~ + S ,  t h e r e f o r e ,  should  a p p l y  t o  c o n v e r t e r s  w i t h o u t  
d i f f i c u l t y .  
3 . 3 . 3  Conver t e r  Sea l -Off  
F i g u r e  3-15 i s  an  example of a marg ina l  c o n v e r t e r  
The s e a l - o f f  i s  made by t h e  s e a l - o f f  of the  r e s e r v o i r  t u b u l a t i o n .  
a p p l i c a t i o n  of a l o c a l  p r e s s u r e  s u f f i c i e n t  i n  magnitude t o  co ld-weld  
a copper  t u b e .  P r e p r e s s u r e  i s  a p p l i e d  w i t h  an in s t rumen t  known a s  a 
? i n c h - o f f  t o o l .  The co ld-weld  i n  Ffg. 3-15 i s  l eak  t i g h t  and has  t h e  
e x t e r n a l  appearance  o f  be ing  a good p i n c h - o f f .  
however, t h e  minimum s e a l  t h i c k n e s s  i s  found t o  be o n l y  0.0006 inch .  
A p i n c h - o f f  such a s  t h i s  i s  h i g h l y  u n r e l i a b l e  under  any p r e s s u r e  
d i f f e r e n t i a l  between t h e  dev ice  and i t s  envi ronment .  Moreover, i t  
canno t  s u f f e r  a c c i d e n t i a l  damage wi thout  loss  of t h e  c o n v e r t e r .  
I n  m i c r o - s e c t i o n ,  
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FIG. 3-14 END CONNECTION FOR SHEATHED HEATER WIRE 
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F I G .  3-15 MARGINAL PINCHOFF OF COPPER 
TUBING RESERVOIR ( X l O O )  
3- 34 
An i d e n t i c a l  length o f  coppe r  t u b i n g  was p rocessed  i n  
an i d e n t i c a l  manner, vacuum annealed a t  t h e  same schedu le  and pinched 
o f f  w i t h  t h e  same p i n c h - o f f  t o o l .  The r e s u l t a n t  s e a l  i s  shown i n  
F i g .  3 -16 ,  where a minimum s e a l  t h i c k n e s s  of  0.007 inch i s  i n d i c a t e d .  
The p inch-o f f  t o o l  used was a hand p i n c h - o f f  t o o l  which h a s  t h e  p h y s i -  
c a l  appea rance  of  a b o l t  c u t t e r  and r e q u i r e s  con t inuous  and d e l i c a t e  
ad jus tmen t  w i t h  no r e a s o n a b l e  a s s u r a n c e  t h a t  any s e l e c t e d  ad jus tmen t  
w i l l  y i e l d  a s a t i s f a c t o r y  p i n c h - o f f .  
Another t ype  o f  p i n c h - o f f  t o o l  i s  t h e  h y d r a u l i c -  
a c t u a t e d  t o o l ,  which e n c a s e s  t h e  p i n c h - o f f  r o l l e r s  o r  jaws i n  machined 
g u i d e s .  W i t h  less ad jus tmen t  and a c o n s i s t e n t  s t r o k e  b e f o r e  t h e  w e l d , ,  
t h e  h y d r a u l i c  t o o l  a p p e a r s  t o  produce more s a t i s f a c t o r y  welds .  A 
group of  t e n  p i n c h - o f f s  made w i t h  a Kane h y d r a u l i c  t o o l  w i l l  be 
examined f o r  c o n s i s t e n c y  o f  s e a l  t h i c k n e s s .  
3 . 3 . 4  Ceramic-Metal S e a l s  
An i n v e s t i g a t i o n  i s  be ing  conducted t o  de t e rmine  t h e  
l o n g - l i f e  r e l i a b i l i t y ,  thermal-shock r e s i s t a n c e ,  and f a b r i c a t i o n  param- 
e t e r s  o f  a n i c k e l - z i r c o n i u m  a c t i v e  a l l o y  b r a z e  of  h i g h - p u r i t y  a lumina-  
t ~ - r ' . F c b i c m  flnnge members. Of p a r t i c u l a r  i n t e r e s t  t o  t h i s  i n v e s t i g a -  
t i o n ,  i s  t h e  maximum f l a n g e  t h i c k n e s s  t h a t  c a n  be brazed t o  a s e l e c t e d  
alumina ce ramic  t h i c k n e s s  wi thou t  s a c r i f i c e  i n  y i e l d  o r  r e l i a b i l i t y .  
P r e v i o u s  EOS c o n v e r t e r s  were f a b r i c a t e d  w i t h  m e t a l  f l a n g e s  0.010 inch  
t h i c k .  T h e s e  p rov ided  s u f f i c i e n t  y i e l d  d u r i n g  f a b r i c a t i o n  b u t  r e q u i r e d  
" p o s i t i v e - t y p e "  spac ing  o f  t h e  i n t e r e l e c t r o d e  gap t o  p r e v e n t  f l a n g e  
f l e x u r e  from s e t t i n g  a n  i n c o n s i s t e n t  i n t e r e l e c t r o d e  spac ing .  S i n c e  t h e  
f i r s t  d e s i g n  i t e r a t i o n  o f  t h e  high-performance c o n v e r t e r s  b u i l t  on 
t h i s  program is  exc lud ing  t h e  p o s i t i v e - t y p e  s p a c i n g ,  L h L ~ k e r  f:ar.ge 
members a r e  be ing  sought  t o  avoid "spacing" i n  t h e  s e a l  s t r u c t u r e .  
Twency and 30 m i l  niobium sheet  s t o c k  i s  be ing  spun 
f o r  t h i s  s t u d y .  Completed f l a n g e s  w i l l  be b razed  t o  AL 995 (Wesgo) 
c e r a m i c s ,  welded t o  r e f r a c t o r y  e l e c t r o d e s  o f  t a n t a l u m ,  loaded w i t h  
c e s i u m ,  and s e a l e d  o f f .  F igu re  3 - 1 7  is  a s k e t c h  o f  t h i s  d e v i c e  i n  a n  
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FIG. 3-16 SATISFACTORY PINCHOFF OF 
COPPER TUBING SAMPLE (X100) 
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0.007 in MINIMUM 
SEAL THICKNESS 
5 
FIG.  3-17 THERMAL ENVIRONPfENT OVEN FOR CERAMIC-METAL SEAL T E S T I N  
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environment  oven which i s  des igned  and b u i l t  t o  t h e r m a l l y  t e s t  t h e  
s e a l s .  
t empera tu re  d i f f e r e n t i a l  from t o p  t o  bottom and from s i d e  t o  s i d e .  
The oven is capab le  o f  o p e r a t i o n  i n  excess  of a 1000 C ,  i f  n e c e s s a r y .  
The s e a l  t e s t i n g  t empera tu re  has  been s e l e c t e d  a t  600 C ( a l though  some 
t e s t s  may be made a t  700OC). 
thermal  shock is  from 6OO0C ( o r  70OoC) t o  25OoC i n  a 15 minute  t ime 
i n t e r v a l .  
0 
The oven has been completed and o p e r a t e d  w i t h  o n l y  a 4 C 
0 
0 
The cyc le  t e m p e r a t u r e  f o r  i n v e s t i g a t i n g  
3 . 3 . 5  I n t e r e l e c t r o d e  Spac ing  
A s t u d y  h a s  been i n i t i a t e d  t o  t a k e  d i r e c t  measurements 
o f  t h e  i n t e r e l e c t r o d e  spac ing  i n  a thermal mock-up of  a t he rmion ic  con-  
v e r t e r ,  The i n t e r e l e c t r o d e  spac ing  has been c a l c u l a t e d  by computing 
t h e  the rma l  expans ion  of t h e  e l e c t r o d e s  and has  been measured i n d i r e c t l y  
by way of cesium conduc t ion  d a t a .  Both methods y i e l d  u s e f u l  i n f o r m a t i o n  
bu t  l a c k  t h e  r e q u i r e d  accu racy  (k 0.0001 inch )  and a b s o l u t e  r e f e r e n c e  
t h a t  o n l y  d i r e c t  o p t i c a l  measurement can  s u p p l y .  F i g u r e  3-18 i s  a con-  
c e p t u a l  s e t u p  of  a means t o  a l l o w  a d i r e c t  mic roscop ic  measurement of 
t h e  spac ing  between e l e c t r o d e s  in  a s lmula t ed  c o n v e r t e r .  
The i n t e r e l e c t r o d e  spac ing  of a c o n v e r t e r  is a r e s u l t  
o f  t he rma l  expans ion  d i t t e r e n c e s  becween i h e  eiiiFttc:r s i i p p ~ i l t  e t r ~ c t u r : :  
(envelope)  and t h e  c o l l e c t o r .  The mock-up d e v i c e  i n  F i g .  3-18  w i l l  be 
o p e r a t e d  ove r  t h e  range  of e m i t t e r  and c o l l e c t o r  t e m p e r a t u r e s  encoun t -  
e r e d  d u r i n g  c o n v e r t e r  o p e r a t i o n .  The c o l l e c t o r  t e m p e r a t u r e  w i l l  be 
measured a t  a d i s t a n c e  of 0.050 inch from t h e  s u r f a c e  by means of an 
immersion thermocouple  and d i r e c t l y  a t  t h e  c o l l e c t o r  r o o t  t o  i n s u r e  t h e  
c o r r e c t  t empera tu re  d i f f e r e n c e .  A shea thed  h e a t e r  w i re  i s  brazed  t o  t h e  
c o l l e c t o r  t o  i n s u r e  t h a t  t h e  p rope r  thermal  loads  a r e  s u s t a i n e d  d u r i n g  
measurement. The t empera tu re  of the  e m i t t e r  l e a d  s t r a p s  and s e a l i n g  
f l a n g e s  a l s o  w i l l  be measured t o  ma in ta in  t h e  p r o p e r  AT between t h e  
e m i t t e r  and e m i t t e r  l e a d s  ( o r  s e a l s ) .  The expans ion  of both e l e c t r o d e s  
w i l l  s i m u l a t e  c o n v e r t e r  o p e r a t i o n  and t h e  i n t e r e l e c t r o d e  s p a c i n g  w i l l  be 
measured d i r e c t l y  through a small viewing s l i t  i n  t h e  enve lope .  More 
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VACUUM BASE PLATE 
FIG. 3-18 SETUP FOR W S U R I N G  INTERELECTRODE SPACINGS I N  A 
MOCKUP CONVERTER 
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t h a n  one s l i t  i s  p lanned  so t h a t  a measure of t h e  p a r a l l e l i s m  of t h e  
e l e c t r o d e s  can  be a c h i e v e d .  
O p t i c a l  measurements of t h e  spac ing  w i l l  be t a k e n  f o r  
v a r i o u s  c o l l e c t o r  h e a t  l oads  and e m i t t e r  t e m p e r a t u r e s  t h a t  a r e  p e r t i -  
n e n t  t o  c o n v e r t e r  o p e r a t i o n .  
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4 .  CONVERTER DESIGN 
A c o n v e r t e r  d e s i g n  e f f o r t  has been r e c e n t l y  s t a r t ed  t o  d e s i g n  
h i g h  performance c o n v e r t e r s  w i t h  t h e  f o l l o w i n g  c h a r a c t e r i s t i c s :  
1. A c o n v e r t e r  e f f i c i e n c y  g r e a t e r  t han  f o u r t e e n  p e r c e n t  a t  a n  
o u t p u t  v o l t a g e  of 0.8 v o l t s  and a t r u e  emi t te r  t e m p e r a t u r e  
of  1735°C. The e f f i c i e n c y  is  d e f i n e d  as: t h e  e l e c t r i c a l  
power o u t p u t  d i v i d e d  by t h e  t o t a l  bombardment power, 
e x c l u d i n g  t h e  f i l a m e n t  power used  t o  h e a t a  ,020" f i l a m e n t  
w i r e  
A c o n v e r t e r  power d e n s i t y  of 20 w a t t s / c m  a t  a n  o u t p u t  
v o l t a g e  of  0.8 v o l t s  and a t r u e  e m i t t e r  t e m p e r a t u r e  of 
2 1735°C. The t o t a l  emitter area i s  two (2.0) cm . 
2 
2 .  
3 .  The weight  o f  each c o n v e r t e r  c o n s i s t e n t  w i t h  a c h i e v i n g  a 
f o u r - c o n v e r t e r  g e n e r a t o r  weighing 4 pounds,  
As p a r t  of t h e  d e s i g n  e f f o r t ,  each c o n v e r t e r  f a b r i c a t e d  d u r i n g  t h e  
program w i l l  be  des igned  i n  an i t e r a t i v e  f a s h i o n  w i t h  i n p u t s  from t h e  
secondary  expe r imen t s ,  d a t a  from t h e  v a r i a b l e  pa rame te r  v e h i c l e ,  and 
performance from p r e v i o u s l y  t e s t e d  c o n v e r t e r s .  
As a d e s i g n  s t a r t i n g  p o i n t ,  t h e  t r a d e - o f f  between mechan ica l  
r i g i d i t y  ( d e r i v e d  from a spac ing  r i n g  which c o n n e c t s  t h e  enve lope  
t o  t h e  c o l l e c t o r )  and t h e  achievement of  n i g n e r  perFormnnLe thiougkr 
the  achievement  of lower i n t e r e l e c t r o d e  s p a c i n g .  The r e t a i n i n g  r i n g ,  
u t i l i z e d  i n  EOS p r o d u c t i o n  c o n v e r t e r s ,  a l s o  provided c o n s i s t e n t  s p a c i n g  
from d e v i c e  t o  d e v i c e  b u t  t h e r e  was s p e c u l a t i o n  t h a t  t h e  v a l u e  may have 
been t o o  l a r g e  f o r  t he  achievement of power d e n s i t i e s  i n  e x c e s s  o f  
20 watts/cm2 a t  0.7 v o l t  and 2000'K e m i t t e r  t e m p e r a t u r e .  
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The ceramic m e t a l  s e a l  and i n t e r e l e c t r o d e  s p a c i n g  i n v e s t i g a t i o n s  w i l l  
b e  completed o r  n e a r  comple t ion  t h i s  next q u a r t e r .  
5 . 6  Conver t e r  Design 
The d e s i g n  of h i g h  performance t h e r m i o n i c  c o n v e r t e r  w i l l  b e  
c o m p l e t e d  f o r  J .P .L .  a p p r o v a l .  Subsequent design i t e r a t i o n s  will 
proceed d u r i n g  t h e  f a b r i c a t i o n  and t e s t  of i n d i v i d u a l  c o n v e r t e r s .  
I -  
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5. PROGRAM FOR NEXT QUARTER 
5.1 V a r i a b l e  Parameter  Tes t  V e h i c l e  
The v a r i a b l e  parameter  t e s t  v e h i c l e  w i l l  be f a b r i c a t e d  i n  
t h e  next  q u a r t e r .  Upon completion, t h e  f i r s t  set  o f  e l e c t r o d e  
materials w i l l  be  t e s t e d  f o r  power o u t p u t ,  e m i s s i o n  and work f d n c t i o n  
v a l u e s  and v a r i a t i o n  of power ou tpu t  as a f u n c t i o n  o f  i n t e r e l e c t r o d e  
s pac ing . 
5.2 E m i t t e r  Materials P rocess  S t u d y  
The complete  p r o c e s s  schedu le  f o r  t a n t a l u m  and rhenium 
e l e c t r o d e s  w i l l  b e  completed.  The p r o c e s s  s c h e d u l e s  shou ld  r e s u l t  
i n  the achievement of uncontaminated and s t a b l e  e m i t t e r  s u r f a c e s  
which do n o t  change c h a r a c t e r i s t i c s  w i t h  time a t  t e m p e r a t u r e .  
, 
5.3 N o n - I n t e g r a l  C o l l e c t o r  R a d i a t o r  
Various geomet r i e s  and b r a z e  materials bonding molybdenum 
t o  copper  w i l l  be examined, du r ing  t h e  next  q u a r t e r  t o  improve 
r a d i a t o r  h e a t  r e j e c t i o n  v s  we igh t .  The t h e r m a l  impedance'of t h e  
bond j o i n t  and r e l i a b i l i t y  of t h i s  j o i n t  d u r i n g  t h e r m a l  c y c l i n g  
w i l l  b e  examined. 
5.4 Composite and Non-Composite C o l l e c t o r  Experiments  
The composi te  and non-composite c o l l e c t o r  experfments  w i l l  
c o n t i n u e  d u r i n g  t h e  next  q u a r t e r .  The t e m p e r a t u r e  d r o p  of s e l e c t e d  
c o l l e c t o r  s t r u c t u r e s  w i l l  be measured as a f u n c t i o n  of thermal  f l u x e s  
r a n g i n g  f r a n  100-250 w a t t s .  
5 .5  Conver t e r  F a b r i c a t  ion I n v e s t i g a t i o n s  
The h e a t e r  wire  end s e a l ,  c o n v e r t e r  s e a l - o f f ,  h i g h  tempera-  
t u r e  b r a z i n g  and e l e c t r o n  beam welding i n v e s t i g a t i o n  w i l l  be  completed.  
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APPENDIX A 
PROCEDURE M)R CKEMICAL C L E A N I N G  OF TANTALUM 
I .  DESCRIPTION 
The f o l l o w i n g  procedure d e s c r i b e s  a method f o r  c h e m i c a l l y  c l e a n i n g  
t a n t a l u m  p r i o r  t o  vacuum o u t g a s s i n g .  
11. EQUIPMENT LIST 
1. Beakers  of  a s s o r t e d  s i z e s .  
2 .  Hot p l a t e .  
3 .  U l t r a s o n i c  c l e a n e r  (minimum of 60 w a t t s  a v e r a g e  power) .  
4 .  Bunsen b u r n e r ,  s t a n d ,  and h o t  p a d .  
5 .  Fo rceps  of a s s o r t e d  s i z e s .  
6 .  L i n t  -f ree and s u l p h u r  -f  r e e  p a p e r .  
7 .  D i s t i l l e d  w a t e r .  
8 .  E t h y l  a l c o h o l  (C2H50H). 
9 .  Hydroch lo r i c  a c i d  (HCL), 37 p e r c e n t .  
10 .  Chromic a c i d  ( s a t u r a t e d  s o l u t i o n  of chromium t r i o x i d e ) .  
11. S u l p h u r i c  a c i d  ( H 2 S 0 4 ) ,  96 p e r c e n t .  
1 2 .  S t i r i n g  rod 
1 3 .  Graduate  
14.  Balance ,  t r i p l e  beam kO.1 gram 
15. G l a s s  s t o r a g e  c o n t a i n e r ,  1 g a l l o n  
111. SAFETY PROCEDURE FOR PREPARATION OF CHROMIC ACID 
A l l  m a t e r i a l s  a r e  c o r r u s l v e .  A-.-ai.l s ~ i l l i n e ,  I n  c a s e  of s p i l l a g e ,  
wash away immediately w i t h  l a r g e  q u a n t i t i e s  of w a t e r .  
S u l f u r i c  a c i d  r e l e a s e s  a l a r g e  amount of h e a t  when mixed w i t h  w a t e r .  
T h e r e f o r e ,  u se  c a u t i o n  and fo l low i n s t r u c t i o n s  e x a c t l y .  Add a c i d  t o  w a t e r .  
The f o l l o w i n g  s a f e t y  a p p a r a t u s  must be used w h i l e  p r e p a r i n g  t h e  
s o l u t i o n  : 
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IV. 
1. Rubber g l o v e s  
2 .  Goggles o r  f a c e  mask 
3 .  F u l l  l e n g t h  rubbe r  o r  p l a s t i c  apron 
PREPARATION OF SATURATED CHROMIC ACID 
1. M a t e r i a l s  
a .  Chromium t r i o x i d e  (chromic a c i d ) ,  s o l i d ,  t e c h n i c a l  g r a d e  
b .  S u l f u r i c  a c i d ,  c o n c e n t r a t e d ,  96 p e r c e n t ,  ACS s p e c i f i c a t i o n  
c .  D i s t i l l e d  w a t e r  
2 .  Equipment 
a .  Graduate  (1 l i t e r )  
b .  Beaker ( 4  l i t e r s )  
c .  S t i r r i n g  rod 
d .  Ba lance ,  t r i p l e  beam, 0 . 1  gram 
e .  G l a s s  s t o r a g e  c o n t a i n e r ,  1 g a l l o n  
3 .  Procedure  
a .  Measure 2 l i t e r s  of d i s t i l l e d  w a t e r  i n t o  b e a k e r .  
b .  Add chromium t r i o x i d e  and s t i r  u n t i l  s o l u t i o n  i s  s a t u r a t e d .  
c .  Slowly and w h i l e  s t i r r i n g ,  c a r e f u l l y  add 1100 m l  of con-  
c e n t r a t e d  s u l f u r i c  a c i d .  
d .  S t o r e  i n  g l a s s  b o t t l e ,  l a b e l  " s a t u r a t e d  chromic a c i d  
s o l u t i o n  ." 
NOTE 
S o l u t i o n  should be d i s c a r d e d  i f  i t  shows a g r e e n i s h  
c a s t .  The re  may be  l e g a l  r e s t r i c t i o n s  on t h e  d i s -  
p o s a l  of chromate s o l u t i o n s .  
V .  SAFETY PROCEDURES FOR CLEANZNG PROCESS 
A l l  m a t e r i a l s  a r e  c o r r o s i v e .  Avoid spilling. Ir: ;3sc cf % p i l l a g e ,  
wash away immediately w i t h  l a r g e  q u a n t i t i e s  of w a t e r .  
The f o l l o w i n g  a r e  mandatory while c l e a n i n g  p a r t s  w i t h  a c i d  s o l u t i o n s :  
1. Rubber g l o v e s  
2 .  Goggles o r  f a c e  mask 
3 .  Rubber o r  p l a s t i c  apron 





VI. C L E A N I N G  PROCEDURE 
1. M a t e r i a l s  
a .  E t h y l  a l c o h o l  (C2H50H) 
b .  Hydroch lo r i c  a c i d  ( H C L ) ,  37 p e r c e n t  
c .  Chromic a c i d  s o l u t i o n  
d .  D i s t i l l e d  w a t e r  
e .  Hot p l a t e  
f .  U l t r a s o n i c  c l e a n e r  (minimum of 60 w a t t s  ave rage  power) 
g .  L i n t - f r e e  and s u l p h u r - f r e e  pape r  
h .  Beakers  of a s s o r t e d  s i z e s  
2 .  Procedure  
a .  P l a c e  p a r t  t o  be c l eaned  i n  beake r  of e t h y l  a l c o h o l .  P l a c e  
beake r  i n  u l t r a s o n i c  c l e a n e r .  C l e a n  f o r  approx ima te ly  
60 seconds.  
b .  Remove p a r t s  from e t h y l  a l c o h o l  - a l l o w  t o  d r y .  
c .  P l a c e  p a r t s  i n  beake r  of b o i l i n g  h y d r o c h l o r i c  a c i d  f o r  
approx ima te ly  30 seconds 
d .  Remove from h y d r o c h l o r i c  a c i d  and rinse i n  b e a k e r  of 
b o i l i n g , d i s t i l l e d  wa te r  f o r  approx ima te ly  2 m i n u t e s .  
e .  Remove from d i s t i l l e d  w a t e r  - a l l o w  t o  d r y .  
f .  Dip in  e t h y l  a l c o h o l  - remove and a l l o w  t o  d r y .  
g .  P l a c e  p a r t s  i n  beaker  of h o t  chromic a c i d  (110 C). 
h .  Remove from chromic a c i d  and r inse v i g o r o u s l y  i n  l a r g e  
0 
beake r  of c o l d ,  d i s t i l l e d  w a t e r .  
i .  Rinse p a r t s  i n  b o i l i n g ,  d i s t i l l e d  wa te r  f o r  approx ima te ly  
2 minu tes .  
. j. R i r i s e  Lr, ccl.2, c l - i s + _ i ’ l l _ ~ d  water f o r  approx ima te ly  
10 seconds .  
k. Remove p a r t s  from d i s t i l l e d  w a t e r  - a l l o w  t o  d r y .  
1. Rinse  p a r t s  i n  c l e a n ,  e t h y l  a l c o h o l  - remove and d r y  w i t h  
h o t  a i r  b l a s t .  
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m. V i s u a l l y  inspect each part for contamination sucli as 
fingerprints, water stains, and discoloration. Parts 
must be f ree  of any such contamination. PRESENCE OF ANY 
CONTANINANTS DICTATES THE NEED FOR AN ENTIRE REPROCESSING 
OF THE AFFECTED PART. 
n. Wrap parts in l i n t - f r e e ,  sulphur-free paper. 
0 .  S e a l  in p o l y e t h y l e n e  bag .  
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